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ABSTRACT .
Secular varia tion  CSV) of the geomagnetic f ie ld  has a time spectrum
A
ranging from about 1C to 10' years. There are various mathematical 
methods for analysing SV leading to d iffe ren t f ie ld  models. The multi- 
dipolar source model seems to o ffer more promise than spherical harmon­
ic  analysis.
Paleosecular varia tion  measurement may be accomplished by paleo-
magr.etic or archeomagnetic techniques. The p rincip le  d ifference in the
two methods is one of time control. In archeomagnetic work the time
sequence is usually well known and detailed temporal analysis of the
magnetic f ie ld  is possible. In the paleomagnetic measurement of SV
time is poorly known and consequently s ta t is t ic a l analyses are usually
carried out on a series of measuremen+s of rocks which are thoughf on
4
geologic grounds to span about 10 years.
Successive Quaternary lava flows at s ite s  in the Aleutian Islands, 
and Tertia ry  flows in the Wrangell Mountains of Alaska were sampled 
for paleosecular varia tion  measurement. Due to lim itations in the 
probable time span represented by the samples and s ta t is t ic a l con­
s tra in ts , data a t only a few sites  are considered to be re lia b le  ind i­
cators of paleosecular va ria tion . When a l l  the Aleutian data are com­
bined to give greater s ta t is t ic a l sign ificance an angular standard 
deviation of 6 = 10.8° is obtained. The Wrangell Mountains data give 
5 = 15.3°.
A survey has been made z  ^ palecmagr.etic lite ra tu re  to find su it ­
able Cenozoic SV dererrI nations for locations around the world. On 
comparing these data, tnere is a c lea r tendency for P a c if ic  area SV to
i i i
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be s lig h t ly  less than that for the non-Facific area; th is  feature of 
the SV f ie ld  has also been observed h is to r ic a lly .  The difference is 
* more pronounced in Tertiary  than in Quaternary data. The present 
north-south asymmetry of the SV f ie ld  was apparently reversed during 
most of Cenozoic time. The Alaskan data indicate that the Aleutian 
Islands, but not mainland Alaska, are w ithin the area of low SV in the 
P a c if ic  Ocean.
. iv
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I. SECULAR VARIATION OF THE GEOMAGNETIC FIELD
Since the early seventeenth century, i t  has been recognized that 
the geomagnetic f ie ld  is e ssen tia lly  d ipolar (G ilb e rt, 1600). Somewhat 
la te r , perhaps as early as 1635 (Chapman and Ba rte ls , 1940), I t  was 
noticed by Gellibrand that the geomagnetic f ie ld  was not constant 
but was always changing. In addition, i t  was found that the geo­
magnetic f ie ld  could be resolved into d ipolar and non-dipolar com­
ponents. Today we know that it s  varia tion  has an immense spectral 
range, a fact making its  study especia lly  challenging for .the 
geophysicist. At a given point on the earth 's  surface, the geomagnetic 
f ie ld  varies with a time scale running from milliseconds to periods 
longer than 10^  years, or more than 16 orders of magnitude (Cox and 
Doell, 1964). I t  can be shown by spherical harmonic analysis that the 
more rapid varia tions of rne geomagnetic f ie ld , those up to days and 
perhaps as long as the eleven year sun spot cycle  (McNish, 1933; 
Yukutake, 1965) are due to external sources such as e le c tr ic  currents 
in the ionosphere. The remainder of the geomagnetic va ria tio n , with 
time scales from about ten years on up, is due to sources within the 
earth 's  core (Hide and Roberts, 1951); i t  is these long-term changes 
in the geomagnetic f ie ld  which are referred to as secular varia tion  
(SV) or sometimes as the secular varia tion  f ie ld .
Isoporic maps
At any given point on the surface of the earth, SV may be observed 
as slow changes in both the d irection and magnitude of the geomagnetic 
f ie ld  vector. On a world mao- one ray c lo t SV as observed in The past
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
few decades in various ways +o better understand the nature of secular
varia tion . Vestine et a I . (1947) have plotted geomagnetic secular
change of a l I  the various f ie ld  elements (D, H, X, Y, Z, I ,  and F, a l l
of which, while not independent of each other, are concisely defined
by Whitham (1967)) for four d iffe ren t epochs from 1912.5 to 1942.5 (F ig .
I- 1);  Nagata and Syono (1961) have done the same for 1955-1960. The
contours on such maps connect points of equal rates of change of any of
these components. These lines are ca lled  isopors and are usually in
units of gamma yr ' (y y r S .  Gaibar-Puertas (1953) has prepared sim ilai
maps for the quantity G> which was defined by Bauer (1914) as the
2 2 I 2 I/2function G = ( X + Y + j Z )  . G  has the unique property that i t  
is unaffected by the orientation of the geocentric dipolar component ' 
of the geomagnetic f ie ld .
Study of these isoporic maps reveals the sa lien t features of SV. 
F ir s t ly ,  in any given epoch there is a re la t iv e ly  small number (about 
ten) of points on the earth 's  surface which are surrounded by concentric 
closed isopors. These so-called isoporic foci represent centers of 
maximum or minimum SV of any of the f ie ld  components. The r.m .s. value 
of these maxima and minima is about 50 gamma y r  * with maximum rates 
(regardless of sign) of about 150 gamma y r  * (Hide and Roberts, 1961). 
The sets of concentric isopors surrounding each focus cover areas of 
continental extent but bear no apparent re la tion  to the continents.
If  Isoporic maps fo r d iffe ren t epochs are compared, i t  is c le a r ly  
evident that these isoooric foci are d rift in g  slowly in a generally 
westward d irection at a rate of roughly a quarter of a degree per year
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1-1. Isoporic maps showing secular change in f  yr of the 
vertical intensity of the geomagnetic field for the epochs (a) 1912.5, 
(b) 1922.5, (c) 1932.5 and (d) 1942.5 (from Vestine et al., 1947)
4(Runcorn, 1956). In addition, i t  is c le a r  that the strength of these 
isoporic foci waxes and wanes with a time scale of perhaps about 100 
years (Creer, 1962a). Cox and Doe 11 (1964) point out that lifetim es of 
isoporic foci are more r e a l is t ic a l ly  estimated at 400 to 1,000 years. 
Spherical harmonic analysis
A more mathematical approach to analysis of recent SV is by the 
method of spherical harmonic ana lys is . Spherical harmonic analysis of 
the main f ie ld  is outlined by Vestine (1967), and in more detail by 
Chapman and Ba rte ls  (1940), as well as elsewhere by others. B r ie f ly ,  
th is  en ta ils  using world-wide magnetic data to find  the Gauss 
co e ffic ien ts  g™, h™ in the expansion fo r the magnetic potential 
«  n n+1
V = a T T { — ] [gm cos my -f- hm sin mqrV Pm(cos0) ( l- l )
n =0 m=0 l r '  n ^  "  •
where a is the mean ea rth 's  radius, r is the distance from the center
of the earth to the observation point (usually  analysis is done at the
earth 's  surface, so r  = a ),  <j> and 0 are longitude and co la titude ,
respective ly , and P™ (cose) are the p a r t ia l ly  normalized spherical
harmonics of Schmidt. We have omitted in ( l- l )  the part due to
external sources which varies as ( r / a )n since f ie ld  contributions of
external o rig in  are generally less than one percent and therefore of
the same order as the uncerta in ties of measurement (Vestine, 1967).
The co e ff ic ie n t g ° corresponds to an axial geocentric magnetic dipole;
g| and hj correspond to geocentric dipoles oriented at righ t angles to
each ether in the equatorial plane, higher terms correspond to
geocentric magnetic cuacrico ies, cctcpoies and higher multipoio terms.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5Most analyses have not gone beyond the f i r s t  eight terms (up to
n = m = 2 ); a few (e .g . Jensen and Cain, 1962) have gone to n = m = 6.
Beyond these terms the s ta t is t ic a l error of measurement becomes of
comparable size to the terms themselves.
By comparing the Gauss co e ffic ien ts  for d iffe ren t epochs, one can
ca lcu la te  th e ir  rate of chanae gm, as a measure of the harmonic- 3n n
d istribu tion  of SV. Chapman and Barte ls (1940) point out from these 
data that the spherical harmonic series fo r SV converges much more 
slowly than the main fie ld  series and so more terms must be used. This 
also implies tha t compared to the main f ie ld  SV is more of a 
regional than a planetary phenomenon and is therefore perhaps not as 
amenable to spherical harmonic ana lys is . Recent values of g™, h™,
.m . - -r u i i iq , h are qiven in Table l- l.
Westward d r if t
Various e ffo rts  have been made to examine the westward d r i f t  of the
geomagnetic f ie ld  in greater detail than that possible by studying
isoporic maps. Using the data of Vestine e t a I . (1947), Bui lard et a I .
(1950) computed the westward d r if t  of the non-dipole f ie ld  between
2 .epochs 1907 and 1945 by finding the d r i f t  D such that Ee was a minimum 
where
e = X(<j>) - X*($ + D)
X and X’ being any component of the 1945 and 1907.5 non-dipole fie ld s  
respectively, and the summation being over 36 equally spaced values of 
longitude $ on a sing le p ara lle l of la titude . They a rrive  at a 
westward d r if t  averaged over a l l  latitudes of O.iSO +^0.015° y r * for 
the non-dipole f ie  id.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE l-l
Spherical harmonic co e ffic ien ts  gm, hm for epoch I960 in y 
(Jensen and Cain, 1962) and secular varia tion  coe ffic ien ts  
§m, Rm for 1955-1960 in y y r  (Nagata and Syono, 1961); 
Re la tive  change per year is also given in y r~ '.
m mn^
.m
9n
.m, m
9 /Q an sn fim/hm
5
6
-30411.2 
-1602.3
1260.7
955.3 
-206.4
135.2
-2147.4
2959.1
2029.2 
818.5
338.4 
25.7
1545.1
1285.7
557.0
253.0 
-21 .5 
821.7
-335.0
12.9
-214.9
276.4 
-125.1
-19.3
-99.3
-9.8
-166.0
13.6 
-21.5
1.9 
-4.4
2.1
1.7
5.9 
- 1.8 
- 8.2
2.7 
- 1 .8
• 2.1 
-0.1 
1.1 
- 2 .0  
0 . 2  
0. I 
0.5­
-1.0 
I .0 
-0.3 
- 2 .2  
-0.5 
I .5 
- 0 . 2  
0.5 
- 0.6
-.0004
+.0134
+.0015
-.0046
-.0102
+.0126
-.0027
-.0006
-.0040
+.0033
-.0053
+.0817
-.0006
+.0009
-.0036
+.0008
-.0047
+.0006
+.0030
+.0075
+.0014
-.0080
+.0040
-.0778
+.0020
-.0510
+.0036
5798.9 2.3 +.0004
-1912.4 -16.0 +.0083
-485.7 8.2 -.0169
213.7 0.0 +.0000
7.8 1 .8 +.2308
30.5 -0.7 -.0230
182.3 -17.1 -.0938
210.4 3.5 +.0017
-255.7 - l . l +.0043
26.0 1 .7 +.0654
58.5 -0.2 -.0034
-26.6 -6.7 -+.2520
-20.6 3.5 -.1700
-97.7 -3.8 +.0389
34.2 1 .5 +.0440
-187.3 -2.1 +.0112
-109.1 0.7 -.0064
2.2 - l . l -.5000
173.6 0.2 +.0012
48.0 0.7 +.0146
48.4 1.0 +.0206
0
2
3
4
. . 6 ■
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7Bullard e t a I . (1950) also ca lcu late  in lik e  manner a westward 
d r if t  of 0.32 + 0 .07 ° yr * fo r SV it s e lf  ( i . e .  varia tions in the rate 
of change of the f ie ld ) .  They question the sign ificance of the 
difference in these quantities but present theoretical reasons why 
a difference could ex ist (c f . a lso Yukutake, 1970).
Yukutake (1962), in a zonal analysis of expanded the magnetic 
potential in a Fourier series about c irc le s  of latitude A. according to
CO 00
V(A) = a T [G cos md> + H sin mdiU = a Y • C cos m(<i> - d> )Ln m m « m mm=0 m=0
where
QD
,a.n+l mG = I  (- )n 1 g Pm (cos9) , m L r 3n nn=m
H = I  ( £ ) n+l hm p "  ( c o s e ) , m r n nn=m
C = \/g2 + H2 , m * m m
and
r i H, I , — I m$ = — tan •m Gm ■
He concludes that the m = I part of the f ie ld  can be divided into an 
equatorial dipole part d rift in g  westward at 0 .1 ° y r   ^ and a non-dipole 
part d rift in g  at 0 .2 ° yr~* suggesting they are produced by d iffe ren t 
mechanisms. The d r if t  ve lo c ity  fo r the m = 2,3 and higher terms 
varies with latitude in a non-symmetric manner. Yukutake goes on to 
correlate longitude variafions of the f ie ld  along a given circle of 
laTiTuce witn time variations ax a s i t s on that same c ir c le ,  and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8or order of the harmonic.
Bu llard  e t a 1. (1950) also ca lcu lated  independent rates of d r i f t
of spherical harmonic components, up to n = 3 by ca lcu la ting  successive 
m l  -I hnphase angles.* = — tan —  . These resu lts  are given in Table 1-2. r 3 ’ n m m  3
gnInstead of assuming that each harmonic is  d r if t in g , Yukutake and 
Tachinaka (1969) separate each one into d r if t in g  and standing com­
ponents by setting ■ *
gm(t)cos  m4> + hnn(t )s in  imp = Fm cos(mi}>+cj>m) + Krncosn£<j>+vm(t-Trn)I],3n n r n r  r n n n n
where the F™ term represents the fixed part of harmonic Pjjj, and K™ the
part driftinq with velocity vm , while 4>m and vmtm are Dhase factors.K 3 ' n’ n n n •
They a rr iv e  at the d r i f t  ve lo c ity  values u™ for the P™ components of 
the main f ie ld  lis ted  in Table 1-2. u™ depends not only on the ve lo c ity  
v™ of the d rift in g  part but on the rate of change of the standing part 
of the f ie ld .  Numerical examples applied to standing and d r ift in g  
parts of sp ec ific  isoporic foci are given by Yukutake (1970) who also 
presents a theoretica l discussion of the matter. '
The centered dipole i t s e l f ,  made up of the g^, g|, and h| terms 
has been found by Mai in (1969) to  be d r if t in g  west at 0.089 j^ 0 .0 l l °y r  *.
R. W. James (1968, 1969) in an expansion of the f ie ld  into 
multi poles instead of spherical harmonics, finds the 1965 westward 
d r i f t  of d iffe ren t order multtpoles ranging from 0.07 to 0.24° yr 
A somewhat d iffe ren t approach to westward d r i f t  ana lys is  has 
recently come from archeomagnetisn. Sucha (1969) and Bucha e t a I .
(1970) have reasured macnetic in tsn s itv  from baked items a t well eaten
arrives at a mean drift velocity of 0.202° yr *, ignoring latitude
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 1-2
Westward d r i f t of geomagnetic f ie ld  components in degrees
y r-1. Negative values indicate eastward d r i f t .
1, m= 1 0.003° yr-”
1 o • o kO 0 ■<
1
2 1 0.235 0.16
2 2 0.363 0.40
3 1 -0.080 0.1 1
3 2 -0.080 fo r 1907.5 to 0.05  ^ fo r 1960.0,
3 3 0.243 ► 1945.0, Bui lard 0.17 y Yukutake and
4 1 et a l . (1950) 0.01 Tachi nake
4 2 0.01 (1969)
4 3 0.16
4 4 0.07
Non-dipole
SV
0.180+0-015 
0.320+0.067
Main dipole 
Non-dipole up to m = 6
Main dipole
Non-dipole, m = I only 
Mean fo r whole f ie ld
Multi pole components 
fo r 1965
Non-di pole
Non-d i poIe
Mean fo r 5000 years
Mean fo r 1000 years
0.039 + 0.011°. yr" 
0.25
0.1
0.2
0.202
0.07 - 0.24
0.18
0 .2
0.24
0.12 + 0.03
Mai in (1969)
Yukutake (1962)
James (1969)
Nagata and Syono (1951)
Nagata (1965)
Bucha (1969), Bucha 
e t a I . (1970)
Burlatskaya e t a I . 
(1968, 1969a)
n
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
archeological s ites  and have been able to draw up magnetic intensity 
, curves for the las t 5000 years fo r Czechoslovakia, Central America, 
and Japan. They find a remarkable corre lation  between the curves, 
but find them out of phase with each other by a su ff ic ie n t amount to 
give a westward d r if t  rate of 0.24° y r  Burlatskaya e t a I . (1968, 
1969a, i970> in a s im ila r comparison of magnetic inclination  recorded 
in bricks in Poland and Ukrainia over the last 1000 years find a 
westward d r if t  of 0.12 +_0.03° y r  Smith and Needham (1967) 
comparing magnetic declination records in medieval China with 
archeomagnetic resu lts from Japan fo r the same period also  find 
phase differences compatable with the above data.
The large discrepancies in measured westward d r i f t  given above 
and compiled in Table 1-2 is a re fle c tio n  not so much of the 
inaccuracies of its  measurement, but rather of the fa c t that westward 
d r if t  is not a simple phenomenon and its  apparent magnitude depends 
e n tire ly  upon how one separates out the d rift in g  part of the f ie ld . 
Northwestward and outward d r if t  of the eccen tric  dipole
I f  one separates out a b es t- fit  d ipole from the geomagnetic f ie ld , 
which requires using spherical harmonic co e ffic ien ts  up to r. = 2, one 
obtains the eccentric dipole situated about 400 km from the center of 
the earth under a point about 10° east of the Marianas Islands (Mai in,
1969). Mai in finds fo r 1942.5 to 1962.5 that i t  is moving roughly 
northwest and outward. Vestine (1953) and Nagata and Syono (1961) 
find s im ilar resu lts . Full data is given in Table 1-3. A more 
complete analysis of the morion of the eccentric dipole is given wirh 
derivation of the necessary formulae by James and Winch (1967).
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TABLE 1-3 
Motion of the eccen tric  dipole.
Westward d r if t  
Northward d r if t  
Radial ve lo c ity
Malin (1969) 
1942.5-1962.5
0.29 + 0.05° yr 
0.21 + 0.01° y r " 1
2. i5 -r 0.05 km y r
/ Nagata and 
Syono (1961) 
1955-1960
2.2 km yr
0.30° y r  
0.20° y r 'J.,
Vestine (1953) 
1830-1950
0.30° yr~ 
0.25° y r ' 1
Dipole moment change
Another aspect of SV which has come out of spherical harmonic 
analysis of the geomagnetic f ie ld  is a decrease in intensity of the 
dipole moment of the main f ie ld . At the present time th is  amounts 
to about -r0.052p y r  * or -4.2x10^ e.m.u. y r  * (Nagata, 1965). Malin 
(1969) notes a s lig h t acceleration of th is  rate of decrease between 
1942.5 and 1962.5. Archeomagnetism and h is to rica l data indicate that 
th is  rate has been approximately constant fo r the last 100 years and 
has been somewhat less during the past 2000 years (T h e llie r  and 
T h e llie r , 1959; Nagata et a 1 ., 1963). Kitazawa (1970) used archeo­
magnetic data to show that a maximum value of about 1.6 times the 
present dipole moment was reached 2000 years ago and a minimum of 
0.5 times the present moment 5500 years ago. S im ila r results were 
obtained by Nagata e t a I . (1963). Burlatskaya (1970) in a survey 
of world-wide archeomagnetic data finds a period of 7000 years in 
geomagnetic in tensity varia tions; superposed on th is  is a smaller 
sca le  c y c lic  varia tion  with a guasi.-period of from 200 to 600 years.
Smith (1967, 1970) in t w o  review papers on geomagnetic intensity 
studies, confirms rne above results ana notes a quasi-period of about
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10 years. He concludes that dipole moment variations observed in 
the archeologic and geologic records are real and not due to non­
dipole features or dipole wobble (see next section ). Looking further 
back in the geologic past through paleomagnetic measurements (Chap.
I I ) ,  Smith notes a probable general increase in dipole moment during 
the last 400 m illion  years.
Dipole wobble
In addition to  d r i f t  and in tensity  changes of the dipole, a 
s ig n ifican t component of SV is due to a varia tion  in direction of the 
main dipole, known commonly as dipole wobble. Cox and Doell (1964) 
estimate on the basis of present day and paleomagnetic f ie ld  
measurements that-the varia tions in the d irection of the main dipole 
have an angular standard deviation (c f . Chap. I l l )  of about 11.5° — 
th is  is roughly the present deviation of the dipolar f ie ld  d irection 
from the geographic pole. The ch a rac te r is tic  time scale of the dipole
4
wobble is probably about 10 years (Smith, 1970; and others) and 
therefore its  e ffects  are hardly d ire c tly  observable on ava ilab le  
recent records. But Kawai and Hirooka (1967) and Kawai e t a I . (1967) 
present archeomagnetic evidence supporting a dipole wobble in a very 
regular fashion having a 1,500 year period. Keimatsu et a I . (1968) use 
ancient w ritten records of auroral sightings to deduce that the dipole 
was inclined toward China in the ilth  and 12th centuries. I t  seems 
more lik e ly , however, that the dipole wobble is an irregu lar feature 
best treated in a s ta t is t ic s ! manner (Chapter I I I ) .
P e r i o d i c i t i e s ,  s a e c t r g j  a n a l y s i s ,  and l i f e t i m e s  o f  SV c o m p o n e n ts
4
A lm o s t  s i n c e  t h e  e a r l i e s t  d is c o v e r y ' o f  SV many a t t e m p t s  h a v e  
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been made to pick out regular periods over which the behavior of 
components of the f ie ld  might repeat i t s e l f . '  Good- knowledge of such 
periods would have obvious u t i l i t y  in the prediction of secu lar change 
for navigation and other purposes. Re liab le  measurements of the 
geomagnetic f ie ld  have been made at only a few places fo r more than 
two hundred years. Records of in c lination  and declination  fo r London 
and Paris  which date back to the late 16th and ea rly  17th centuries 
respective ly indicate a period of about 480 years (Runcorn, 1956). 
Wehner (1928), in a study of the orientations of medieval churches 
whose foundations had been lined up magnetically a t the time of 
construction, found many repetitions of a 476 year cycle.- Carlheim- 
GyllenskSld (1896) has found a 454 year period from spherical 
harmonic analysis of the geomagnetic f ie ld  fo r"the  years 1538 to  1885. 
He also found from the same, data a superimposed p erio d ic ity  of 1381 
years. The data on which both of these studies was based would appear 
to  be a b it  too sketchy for firm conclusions. By measuring yearly 
average in tensity  values for magnetic observations in d iffe re n t regions 
of the globe Depietri (1961) finds a 55 year cyc le . This re su lt , too, 
appears a b it  shakey. Burlatskaya et a I . (1969b) compiled archeomagnet 
resu lts  from many areas and found inclination  periods in the ranges 
400 - 700 years and 1000 - 1200 years.
Yukutake (1962) ran a spectral analysis on paleomagnetic resu lts  
from the Marita bed, a pleistocene sedimentary formation in Japan 
(Nagata e t a t . , 19-3, 1945 and 1949). He found periods of 700, 1200, 
1800 and 7000 years predominating. He in terprets these periods as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
being due more to  westward d r if t  than p erio d ic ity  of f ie ld  components 
'them selves. However, the v a lid ity  of the resu lts  is questionable, 
because the radiometric age determinations given by Nagata et a I .
Cl949) lack p recis ion .
In fa c t , records from more widely spaced stations c le a r ly  indicate 
tha t SV is not we I I represented by such p e r io d ic it ie s  on a global 
scale . This indicates again that SV is  a regional rather than a 
global phenomenon.
In Table l- l ,  in addition to giving the Gauss co e ff ic ie n ts  g™,
hm and th e ir  time derivatives am, we have calcu lated  gn/gm and n 'n  rf n^ an
ft^/h^ giving proportional annual rates of change of each spherical 
harmonic component. From these values i t  is seen that in general a ll 
except the equatorial and axial dipole components have l i f e  times of 
the order of-a few hundred years or less. This is in accord with the 
l i f e  times of isoporic foci found by comparing isoporic maps.
Origin of secu lar varia tion
Study of the geomagnetic f ie ld  is one of the few ways other than 
through seismology that we can obtain f a ir ly  d ire c t information about 
the ea rth 's  core, for i t  is now generally accepted that the geomagnetic 
f ie ld  has its  o rig in  w ithin the core ( Irv in g , 1964; and many o thers). 
Since major changes in the geomagnetic f ie ld  c e rta in ly  o rig inate  
w ithin the core a lso , study of its  secular va r ia tio n  has obvious 
u t i l i t y  in understanding the ea rth 's  in te r io r  (Petrova and Khramov,
1970). Many hypotheses have Deer, proposed to explain the or'•’in of 
the main ceomacnet ic f ie id . The mc-sT successful have a I I be^n sutT.-
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sort of homogeneous dynamo (R ik itake , 1967) involving motions of a 
conducting flu id .
Cox (1968) reviews the dynamo models and finds in s ta b ilit ie s  
su ffic ie n t to account for both the observed dipole moment variations 
and for the spectrum of reversed po la rity  in terva ls  obtained from 
ocean cores, K-Ar dating and sea floo r spreading data.
Several researchers have sought to explain the westward d r if t  of 
SV by d iffe ren tia l rates of rotation of the earth ’ s core and mantle 
(e.g . Bui lard et a I . ,  1950; Richmond, 1966, 1969; also  c f .  the review 
paper of Davey, 1967). By th is  scheme the core, or at least its  
outer portion, rotates more slowly than does the earth i t s e lf ,
- thereby carrying the gradually varying centers of secular change 
westward with respect to the crust where SV is observed. Bullard 
e t a I . (1950) have proposed an electromagnetic coupling mechanism 
between the core and mantle involving interactions between the dipole 
f ie ld  and induced toroidal f ie ld s  which helps to explain westward 
d r if t .  Vestine and Kahle (1968) found a co rre lation  between decade 
fluctuations in the length of the day and the westward d r if t  
of the geomagnetic eccentric dipole (the eccentric  dipole is the 
'b e s t- f it ' non-geocentric geomagnetic dipole (Chapman and Barte ls , 
1940)). I f  only the outer 200 km of the core is moving re la t iv e  to 
the mantle and moves approximately with the eccentric  dipole, the 
length of day changes are consistent with the necessary angular 
momentum transfer between the core and the man .Me through a variable 
core-mantle coup I inc. Bail et a l .  (1963) refined Vestine and Kahie's
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(1968) data and found a 5 to 8 year phase lag of the eccentric d ipole 
d r if t  curve behind the length of day varia tion  curve which they 
hypothesize is due to a delay time in the transmission time of 
magnetic signals through the mantle; Kahle et a I . ( 1969a,b) present 
new magnetic data confirming a predicted eccentric dipole d r if t  rate 
decrease based on the length of day curves of Vestine and Kahle (1968) 
and Ba ll et a I . (1968).
While spherical harmonic analysis is at once both a convenient 
and an elegant way to look at the geomagnetic f ie ld  or its  SV, th is  
form of analysis has lim itations for understanding the nature of the 
f ie ld  generating mechanism. F irs t  of a l l ,  i t  is a mathematical fac t 
that there is an in fin itude of current systems within the earth which 
w ill produce the same equivalent magnetic f ie ld  at the earth 's  surface 
(Hide and Roberts, 1961); in fa c t, th is  is an inherent d if f ic u lty  
with any attempt to model the f ie ld . Secondly, with increasing 
depth w ithin the earth, the higher order harmonics are increased in 
■ importance while the ir measurement at the surface is subject to the 
greatest errors. Th ird ly, spherical harmonic analysis tends to look 
at the f ie ld  on a purely global scale as made up of geocentric dipoles 
quadripoles, octopoles and higher multipoles while many features of 
the f ie ld ,  and especia lly  the SV f ie ld  have a more regional than globa 
character.
I t  has been argued (Lowes and Runcorn, 1951; and others) that 
the SV f ie ld  is most lik e ly  due to sources occurring within the earth ' 
cere near the ccre-mar-t I e boundary rather than sources at the cec- 
center. Thus several attempts have been made to construcr models .
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based on current systems or dipoles situated w ith in the outer region 
of the core. McNish (1940) used ve rt ica l in tensity isoporic maps to 
deduce 13 dipoles of equal strength at depth 0.5a (the core-mantle 
boundary is at 0.45a; a = radius of earth ) located d ire c tly  beneath 
the isoporic fo c i. ' Lowes and Runcorn (1951) used a graphical-experi­
mental method to  a rrive  at 12 ve rtica l dipoles of d iffe ren t magnitudes 
at 0.6a depth. These were not necessarily beneath isoporic foci but 
were mostly near them. Alldredge and Stearns (1969) using a much more 
ana lytica l approach to the problem f it te d  21 and- 35 radial dipoles to 
the spherical harmonic coe ffic ien ts  fo r 1955.0 of Finch and Leaton 
(1957) and to the coe ffic ien ts  for the 1965.0 International Geomagnetic 
Reference F ie ld  (IAGA, 1959) respective ly . The dipoie sources were 
found to f i t  best a t depth 0.8 a. The angular locations of the 
dipoles are near the maximum and minimum values of the current 
function
co n n*H
J = a y y t i -  ~  Pm (c o s 0 )C a nicosmiJ) + hmsinm^H 
4"  n=0 m=0 n r s n -n  n
which gives the current d istribu tion  required on a th in  spherical shell 
o f.rad ius rg to  produce the observed potential ( l- l )  (Chapman and 
Ba rte ls , 1940). A least squares f i t  of rates of movement and intensity 
changes of these dipoles was carried  out to reproduce the SV f ie ld .
R.m.s. residuals of 2.15 and l.26y y r  * fo r the two SV f ie ld s  respectively, 
indicate the closeness of f i t .  .■ • ' - '• “A.
This la test attempt to represent SV by a multi d ipolar model is 
probably the most comprehensive to date and the search for a workable 
f ie ld  model w ill probably be more f ru it fu l s ta rting  from th is  sort
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of analys is  as a base 
analysis approach.
ra+her than using the spherical harmonic
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I ! .  MEASUREMENT OF SECULAR VARIATION
Using existing f ie ld  measurements,we can determine the world-wide 
nature of secular va r ia tio n  with a f a i r  amount of deta il fo r time 
scales of the order of the period of time over which re lia b le  f ie ld  
measurements are a va ila b le , say 100 years or so. However, even 500 
years which is the longest period fo r which there ex is t d_irect measure­
ments of the f ie ld ,  and these only a t a very few locations, is a short
time compared with the to ta l spectrum of SV,which is usually considered
4
to span a t least 10 years (Chapter I ) .  To measure SV over a longer 
time than th is ,  or fo r  a period in the remote past, one must resort to 
archeomagnetic and paleomagnetic techniques, both of which u t i l iz e  one 
or more types of remanent magnetism (Creer, 1967).
Remanent magnetism
Rocks and other objects may acquire a remanent magnetization by 
means of several d iffe re n t mechanisms. For paleomagnetic studies of 
rocks, th is  magnetism is  known as natural remanent magnetism or NRM and 
is measureable as a vector quantity in the laboratory.
Whatever the mechanism of formation, NRM in a given rock orig inates 
in one or more of a r e la t iv e ly  small number of magnetic minerals having 
ferromagnetic properties a t normal temperatures. These l ie  predominant­
ly w ith in the Fe0-T i02~Fe203 ternary system but a lso include such min­
e ra ls  as the pyrrho tites  and the oxyhydroxides of iron ( Irv in g , 1964). 
D e ta ils  of the properties of the ferromagnetic minerals are given by 
Nagata (1953, 1961).
. • 19 ■ • .
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Thermo-remanent magnetism or TRM is the most important and most
commonly found type of NRM. As the constituent magnetic mineral grains
w ithin a rock cool through th e ir  respective blocking temperatures, T^,
they become magnetized in the d irection  of the ambient magnetic f ie ld .
is determined mainly by p a rtic le  size and crysta l make-up of the
magnetic minerals (Nagata, 1953). TRM is generally a very stable form
of NRM, with long relaxation times, so that,barring other complica-
8t io n s , i t  is preserved for periods of 10 or more years. TRM thus 
e ffe c t iv e ly  ’ freezes' into igneous rocks a measure of the ambient geo­
magnetic f ie ld  a t the time of th e ir  formation. S im ila r ly , i f  in under­
going metamorphism a rock is heated above T^, on cooling i t  w il l  re­
cord the magnetic f ie ld  a t the time of the metamorphic event. In 
archeomagnetic studies one usually re lie s  on TRM of pottery or bricks 
which have been baked to temperatures above T  ^ and which on cooling 
record the f ie ld  a t the time of th e ir  la s t f ir in g .
Also of great importance in recording ancient f ie ld  d irections is 
chemical remanent magnetism or CRM. This type of NRM is brought on by 
chemical changes occuring in a rock a t temperatures below Tfa e ither by 
stow re c rys ta lliz a tio n  of existing minerals or the formation of new 
magnetic minerals w ithin the rock matrix. As mineral grains grow 
through-their blocking diameter ( Irv in g , 1964) they acquire a stab le  
NRM p ara lle l to  the ambient f ie ld .  CRM often has properties in d is tin ­
guishable from TRM, a fa c t making th e ir  separation i.n any given rock 
quite d i f f ic u l t .
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Viscous remanent magentization or VRM is  a low temperature e ffe c t 
by means of which magnetic partic les  with low co erc iv ity  and/or short 
relaxation times gradually become magnetically oriented para lle l to  
the ambient f ie ld  a t the expense of TRM or CRM previously acquired 
under the influence of a d iffe ren t geomagnetic f ie ld ; th is  process is 
known as viscous decay ( Irv in g , 1964). VRM is a s ta t is t ic a l process 
based on random fluctuations in thermal energy, enabling the magnetiza­
tion  of magnetic domains to cross over energy barriers which they would 
otherwise be unable to  cross. I t  has been shown (Nagata, 196!) that 
th is  is a time logarithmic process given by 
j  = constant + S log t ,  
where J  is the VRM acquired during time t  and the magnetic v is co s ity  
co e ffic ie n t S is dependent on the applied f ie ld  and the rock type and 
varies d ire c t ly  with the absolute temperature. For most rock types
9
VRM amounts to  only about 2 or 3% of the TRM fo r periods up to 10 
years, except at elevated temperatures (Nagata, 1951). Therefore ex­
cept in extreme cases VRM has no s ig n ifican t bearing on the resu ltant 
remanent magnetism because i t  is eas ily  removed by demagnetizing tech­
niques (c f .  below).
Both CRM and VRM are often regarded as secondary components or 
’ noise' on top of the orig inal primary TRM and various techniques can 
be used to separate, e! iminate or reduce th e ir  e ffects .
Sedimentary rocks can acquire an NRM by a process called  d e tr ita l 
remanent magnetization or DRM. Minute magnetic partic les  become o r i ­
ented by the geomagnetic f ie ld  as they s e tt le  and become consol idated 
into sedimentary layers. Irving (1964) presents additional information
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on DRM. Since th is  process does not e ffec t igneous rocks we shall not 
discuss DRM further here.
Before one can safe ly  u t i l iz e  magnetic data from any given rock 
or baked archeological a r t i f a c t ,  a s ta b il it y  check is generally made 
to determine i f  the magnetic vector which is being measured is in fac t 
due to primary NRM or is due to  some secondary e ffec t such as weather­
ing, metamorphism, heating or viscous remanence. There are b as ica lly  two 
s ta b il it y  tests  in common use, one using successive a lternating  f ie ld  
(A .F .) demagnetization techniques, and the other using thermal demag­
netization at successively higher temperatures. Both methods are de­
scribed in several papers (e .g . Col I inson £]_. (1967); Irv ing  (1964) 
has published a good summary). Both methods e ssen tia lly  measure the 
resistance of the NRM to heat or magnetically induced changes, and 
thus a measure of the magnetic s ta b il i t y  is obtained.
Archeomagnetism -
The archeomagnetic technique of paleo field determination, lik e  
the paleomagnetic method to be discussed below, re lie s  on remanent mag­
netism to record the ancient magnetic f ie ld  d irection and in tensity  at 
a particu la r place and time on the earth ’s surface (T h e lIie r  and 
T h e llie r , 1959; T h e llie r , 1967). The principal d ifference between the 
two techniques is  one of time contro l. In archeomagnetism the remanent 
magnetism is measured in b ricks, t i l e s ,  potteries, or c lays which have 
been baked by man a t the time of manufacture or use, and which may be 
dated by means of archeologic, h is to ric  or radiocarbon techniques.
Often i t  is possible to extract only inclination  and in tensity informa­
tion , but not declination , as many cf these items are not recoverable
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in s itu  where they were baked. The fa c t  that such a r t ifa c ts  are orien- 
tab le  a t  a l l  Is  due to the fa c t  that bricks and t i le s  or pottery are 
- normally f ire d  in a horizontal or upright position. Sometimes h is to r­
ic a l ly  or a rcheo log ica lly  dated lava flows have also been used. The 
degree of time resolution va rie s  g rea tly  in archeomagnetism, genera lly  
being less precise with e a r l ie r  dates. For the la s t 2000 or 3000 
years there are many measurements with excellen t h is to r ica l or arche­
o log ica l dates of ± a few years or a few tens of years. In some areas 
carbon-14 dating techniques have to .be used with a consequent loss in 
tim e.reso lu tion . Carbon-14 dating which is used in dating back to  
50,000.years B .P . (Knopf, 1957) Is  usually  only accurate to ± 5 or 10%, 
which fo r o lder material can amount to  100 years or more. Often pure­
ly  archeologic methods help in fu rther narrowing th is  range.
Unfortunately, archeomagnetic measurements are too th in ly  d is t r ib ­
uted both in time and space to  extend detailed  world wije ana lys is  of 
SV back in time much beyond the 100 years or so fo r  which d ire c t 
measurements e x is t. Generally analyses have been lim ited to comparing 
archeomagnetica!ly determined magnetic In c lin a t io n  or in tens ity  curves 
fo r two or three d iffe re n t w idely separated areas in order to  study 
westward d r i f t  (Bucha, 1969; Bucha e t  al_M 1970; Burlatskaya e t a I . ,
1968, 1969a; Smith and Needham, 1967; and Chapter I of th is  paper).
I t  has a lso  been used to  study the va ria tio n  in dip and declination  a t 
or near a s ing le  s i t e  to  learn about dipole wobble (Kawai and HIrooka,
1967; Kawai e t a L  , 1967), and to t r y  to find p e rio d ic it ie s  in In ten s ity , 
in c lin a tion  or declination  (Nagata e t a I . ,  1963; Bucha, 1965; Watanabe, 
1958; Dubois and Watanabe, 1965; Aitken e t £]_•» 1964; lOvacheva-Nczharcva, 
1963).
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Pa Ieomagnet i sm
in pa!eomagnetIsm, use is made of natural remanent magnetism (NRM) 
in various rock types from which ca re fu lly  oriented specimens are 
co llected  from in s itu  bed rock. An excellent summary of the paleo­
magnetic method and its  app lications is given by Irving (1964). The 
principal type of NRM and rock type used in SV work, and used in the 
present study, is thermoremanent magnetization (TRM) observed in vo l­
canic rocks. As any rock is cooled below the blocking.temperature(s) 
of the constituent magnetic mineral grains the ambient geomagnetic f ie ld  
is  e f fe c t iv e ly  'frozen ' into the rock. Since the time taken fo r even 
the largest lava flows to  cool is generally short compared to  charac­
t e r is t ic  SV tim es, what is recorded by a given lava flow- e ffe c t iv e ly  
preserves an-~ instantaneousr record or spot reading of the geomagnetic 
f ie ld  a t  th a t place and time.
Unfortunate Iy, though the place of such a spot reading is well de­
termined by the sampling s i t e ,  the determination of the time of the
reading presents a problem. Since we are interested in studying
4
va ria tio ns  having between 10 and 10 year time scales, i t  would ob­
v iously  be highly desirab le  to  know the time of our spot reading to
2± 10 years or a t the very least to  ± 10 years. Even re la t iv e  dating 
of a sequence of measurements, rather than absolute dating, would be 
s u ff ic ie n t  fo r  study of SV. Radiometric dates are not generally con­
sidered re lia b le  to  the degree of accuracy required fo r SV analysis,
- 4
even on a re la t iv e  sca le  - one is lucky i f  one can date to even ± 10 
years by these methods. I f  conditions are better than average one 
can date vo lcan ic rocks to about ± 2% using K-Ar techniques (D. Turner,
persona I commun ica t ion, 1971).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
The time control problem doesn't a r ise  to the same extent in most 
other types of paleomagnetic studies,such as those aimed a t understand­
ing continental d r i f t  and global tecton ics, because the time scales of
g
these phenomena tend to be much longer (generally greater than 10 or 
I07 years), and thus well w ith in the range of standard dating techniques. 
Time control is , however, somewhat of a problem in detailed study of 
magnetic f ie ld  reversals where the time scale of a reversal is thought 
to be as l i t t l e  as 1000 years.
The most promising way of handling the time problem in looking at 
SV is to argue on geological grounds that a particu lar formation was 
laid down in a more or less regular fashion during a period of a t least
4
about 10 years and to sample a t regular intervals across the section 
(Creer, 1967). The most usual type of formation used to study paleo­
secular varia tion  is a series  of ancient lava flows, though seme SV 
analyses have been done using Pleistocene to Recent g lac ia l varves (e.g. 
G r if f ith s , 1953, 1955) and a lso  using radial sampling of large intrusive
4
bodies which may have taken up to 10 years to cool (e .g . Jaeger and 
Green, 1956).
An excellent example of using geological and other non-radiometric 
evidence to  determine the time span involved in a SV analysis is D oelI's
(1969) study of 54 lava flows on Mauna Loa, Hawaii. He reviewed h is­
to r ic a l records since 1832 to  conclude that on the average there is a 
summit eruption each 8 1/2 years. Then,on the basis of the lateral 
extent of each flow and the diameter of the summit catdera.he calcu ­
lated that i t  would take 1100 flews to build up the 150 meters of the 
caldera wall which he sampled. Then his flows represent 1100 x 3 1/2 
or a l i t t l e  more than 9,000 years.
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The time resolution problem is the weakest link in modern paleo­
secular va ria tion  studies and is probably the primary cause for the 
large range of SV observed in d iffe ren t peoples’ work.
Since the tim e.resolution is poor, v ir tu a l ly  a ll SV studies have 
treated the paleomagnetic resu lts s ta t is t ic a l Iy, assuming that the data 
obtained from a given s ite  represent a random sampling of paleo-field 
values. These s ta t is t ic s  w ill be discussed in the following chapter.
i t  is generally accepted that fo r re lia b le  SV measurement s ta t is ­
t ic s  require that a minimum of about 20 flows be sampled. This is a 
c r ite r io n  that is only rare ly  met in p ractice. However, according to 
Cox (1969a) even 20 flows gives only about ± 25$.r e i ia b i I i t y  on the 
usual s ta t is t ic a l parameters (Chap. I l l )  a t the 95$ confidence le ve l; 
to approach ± 5$.r e l ia b i I i t y  a t the same confidence level one has to 
sample nearly 500 flows. •
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Paleopoles and v irtu a l geomagnetic poles
A basic assumption of pa Ieomagnetism is that when averaged over
4
periods long' enough to mean out the secular variation  (about 10 
years), the geomagnetic f ie ld  is a x ia lly  dipolar and is.geocentric 
(Creer, Irving and Runcorn 1954). Using th is  assumption i t  is a simple 
matter to ca lcu la te  from a well determined paleomagnetic vector d irec­
tion  a fte r  SV components have been meaned out.at a given s ite  the 
corresponding paleo dipole axis position using the basic equation
tan I = 2 tanA, (3-1)
where I Is the vector inclination  and A is the paleolatitude. Since 
the axial dipole assumtion seems to have good basis (Briden, 1968; 
Runcorn,. 1959a,.b;. Creer,. 1967; Opdyke and Henry, .1969; Burlatskaya 
et £l_., 1969a; and others) paleopoles determined in th is  way probably 
represent true  ancient geographic poles re la t iv e  to the land mass being 
studied. However, if  one takes an individual paleomagnetic d irection  
from a given lava flow which represents a 'spo t1 reading of the local 
f ie ld ,  a paleopole position calculated from th is  reading w ill not in 
general represent the geographic or even the geomagnetic pole of that 
time, ju s t as today a given magnetic vector a t a point on the earth 's  
surface doesn't necessarily co rrec tly  determine the magnetic or geo­
graphic pole due to  local or regional magnetic anomalies and SV e ffec ts . 
Pa IeomagneticaIly determined poles which probably represent true  poles
4
because they involve time averages over 10 or more years we shall ca ll 
paleopoles; those poles calculated from spot paleomagnetic readings 
are ca lled  v irtu a l geomagnetic poles (VGP) a fte r Ccx and Doe 11 (I960)
. 27
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because they probably didn’t  ex ist as true poles at a l l .
The s ta t is t ic s  we shall discuss below are concerned with d irections 
of u n it vectors - tha t is , with points on the un it sphere. Magnitude 
(in te n s ity  or strength) of magnetic vectors Is ignored. . For the moment 
we may consider a l l  s ta t is t ic s  to apply equally well to  magnetic vector 
d irections or VGP's.
Paleomagnetic dispersion
In any series  of paloemagnetic measurements a ce rta in  amount of 
sca tte r or dispersion of d irections w ill be observed. Changes in 
measured d irection  of magnetization observed may be due to about f iv e  
sources which are here b r ie f ly  enumerated:
(1) Secular va r ia tio n  (SV) of the geomagnetic f ie ld  d irection
4
appears-tQ.be.cbaE3.cteriz.ecL by periods„of from 10 to 10 years (Cox 
and D oe lI, 1964; Chapter I, th is  paper) and has its  source w ith in  the 
earth ’ s core. * .
(2) Green (1958) and Cox and DoelI (1964) suggest that there is a
component of polar wandering of the axis of the earth and hence of the
magnetic pole due to  a random walk process; th is  would occur with a
5 6ch a ra c te r is t ic  period of from 10 to 10 years.
(3) Reversals in the p o la r ity  of the magnetic f ie ld  have been 
shown by many researchers to  have occured with periods of from 10^  to 
10^  years duration (Cox and Doe-11, 1964; Cox, Doel I and Dalrymple, 1964; 
Cox, 1968; Creer and Is p ir , 1970). The.period immediately surrounding
a reversal is characterized by very widely varying f ie ld  components and 
low in tens ity . •
(4) There is a rap id ly growing body of evidence that over much
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
7 9 'longer periods of time (10 to  10 years) land masses of continental
©ctent have moved about the e a rth 's  surface re la t iv e  to  one another .
( ’continental d r i f t ’ ) with consequent f ie ld  va ria tio ns  a t sp e c ific
s ite s . .
A ll of the above ( I )  through (4) represent actual changes in the 
f ie ld  at a given location during geologic h isto ry  though in (4) i t  is 
the position of the land mass rather than the f ie ld  which is  changing.
We hasten to point out th a t in any given rock formation i t  is un like ly  
th a t any of the above except SV ( I )  or sometimes f ie ld  reversa ls (3) 
w ill contribute s ig n if ic a n t ly  to  the observed sca tte r , fo r  the time 
scales of the other sources o f va r ia tio n  are too long, or i t  is possi­
ble by other means (dating , geological evidence, e tc . )  to .separate out 
th e ir  e ffe c ts .
(5) L a s t ly , sca tte r  or d ispersion may be due to various sources 
of error. These sources may be conveniently divided into two categories:
(a) Experimental errors are those errors introduced d ire c t ly  or 
in d ire c tly  during the process of sample co lle c tio n  and measurement.
These include o rien ta tion  errors a t various stages in the process, in­
strumental errors in measurement, additional components of ’ s o ft ’ mag­
netization acquired by the sample during tra n s it  or storage, etc.
(b) Erro rs a lso  occur when fo r  one reason or another the magneti­
zation of the rock was not formed p ara lle l to  the then existing region­
al f ie ld ,  or has since changed by the addition of secondary components. 
This can be due to numerous causes, including s e lf  re ve rsa l, viscous 
remanent magnetization, anisotropy, inc lination  error (in  d e tr ita l 
remanent magnetization; c f .  Chapter I I ) ,  random components, etc.
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Another related source of sca tte r In measured paleomagnetic d irection 
is local magnetic anomalies a t the time the rock was formed. DoelI 
and Cox CI963) found for Hawaiian lava flows th is  source of error could 
amount to about 2 .4 °. We shall loosely c a ll a ll these types of errors 
experimental errors. DoelI and Cox (1963) have done extensive.measur­
ing of h is to r ic  Hawaiian lava flows to  determine the re la t iv e  importance 
of a l l  these sources of error.
The central problem in the present paper is to distinguish between 
the sca tte r in.vector d irections due to  experimental error and that due 
to secular va ria tio n . I f  fo r each lava flow we have.several measure­
ments, the scatter within any individual flow w ill be due to the former 
source. The dispersion of flow-mean d irections w ill be due to both 
sources-. More-or I ess-standard ana lysis  of variance techniques w ill 
be used to  separate them.
Fisher s ta t is t ic s  "
Most paleomagnetic analysis is carried  out assuming that the data 
have approximately the Fisher (1953), or Fisherian, 'spherical normal' 
d istr ib u tion  of points on a sphere, which has an angular probability 
density
oja K kcos 9 ,,PdO = --- r—r—  e dO, (3-2)4tt sinh k *
where 0 is the angle between the preferred d irection and an observation. 
This d istribu tion  is equivalent to  the Gaussian error function of one 
dimensional theory. Since an azimuthal angle 4 does not appear i t  is 
c lea r th is  is an a x ia lly  symmetric .d istribution. For k  ^ 0 and < » 
i t  can be seer, that the density decreases away from the preferred
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d irection . For k = 0 the points are uniformly distributed; i .e . ,  there 
is no preferred d irection . The larger k is , the more t ig h t the d is ­
tr ib u tio n . k corresponds to the reciprocal of the variance of the 
Gaussian d is tr ib u tion . Runcorn CI967) points out that the Fisher d is ­
tribu tion  is va lid  only if a ll.ve c to rs  are unit vectors o r a t best 
equal in in tens ity . Fisher has shown that if  the true mean vector is 
unknown the best estimate < of the precision parameter k is given by
u . I Rcosh k - 7- = 77 ,k N '
or fo r k > 3 with good accuracy by
u - N ~ I
k "  N - R * (3 35
where R is the length of the.vector sum of N un it vectors whose d irec­
tions correspond to the data points of the sphere. Paleomagnetic data 
by no means always have a Fisherian d istribu tion , but Watson and Irving 
(1957) have presented data which show that if  the rocks possess stable 
magnetization, the d irections w ill hold reasonably close to Fisher sta ­
t is t ic s ;  i f  they have unstable components they do not conform to the 
d istrib u tion . Thus use of the s ta t is t ic  k does not necessarily imply 
that the data are Fisherian, but is used as a convenience and nonethe­
less serves as a useful yardstick fo r comparing data.
I f  there are several sources of scatter occuring at the same sta­
t is t ic a l  level with Fisher parameters kj, 1^, kj, ••• they add accord­
ing to  the re la tion
< 3 " 4 )
where k_ is the to ta l scatter observed (Runcorn, 1957).
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Angular standard deviation
Another s ta t is t ic  we shalI use is
' <5 = cos-1 |  , (3-5)
the angular standard deviation (Wilson, 1959). There is some confusion 
in the lite ra tu re  as to what is ca lled  the angular standard deviation 
facto r, and under what circumstances. We w ill make an attempt to re­
solve th is  confusion. 5 as in (3-5) is analogous to the standard devi­
ation of a planar d istribu tion  and Is in no way dependent on whether 
or not we have a Fisherian d istrib u tion . Ju s t as fo r a planar d is t r i ­
bution the standard deviation is that value within which 68? of the 
data l ie  jlf_ i t  is a normal d istr ib u tion , so also for a spherical d is­
tribu tion  the angular standard deviation is that angle within which 
63? of the data l ie  j_f_ the d istribu tion  is Fisherian (Runcorn, I960; 
Larochelle, 1968). The discrepency in these percentages is due to 
spherical d isto rtion  of the Gaussian normal d is tribu tion .
Runcorn (1957), Creer, Irving and Nairn (1959), Creer (1962b),
Irving (1964), DoelI and Cox (1963), and Cox (1969b) and others use 
the s t a t is t ic
A radians = degrees, (3-6)
which is the angular standard deviation fo r large N i f  the d istribution  
is Fisherian (some confusion has arisen in notation in that d iffe ren t 
authors have used the symbols s, S, 5, a, 6q, 0 ^ ,  ? 0 and 5 along
with amcst as many d ifferen t appellations to designate that which we 
ca ll A a fte r  Creer (1952a and 1967)). A is derived from (3-5) by Wilson . 
(1959) by setting
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or
5____=V -- -S~R) C3-7)rms v N
If  we assume N = N—I Ca questionable assumption) then
5 = A/ — = A.rms V I -
An a lternate  derivation comes from Cox and DoelI (1964) by starting  
from the beginning and taking the angular standard deviation to be the 
RMS value of the individual deviations from the mean,
o-B)
where S. is the angle between the i"*"^  observation and the mean d irec­
tion .
-I 12In s ta t is t ic s  there is often a confusion between the N or 
-1/2(N-l) factors appearing in re lations such as (3-7), and (3-8).
This arises because sometimes i t  is unclear whether dispersion is being 
measured about the true mean or the measured mean of the quantity under 
consideration. In the former case there are N degrees of freedom for 
N measurements; in the la tte r  there are only N-l since the mean it s e l f  
is determined by the N measurements. Genera lly , but not always, in 
paleomagnetic work the mean is unknown so tha t the N-l facto r is appro­
p ria te . N can be considered approximately equal to  (N-l) only 
for N larger than 10 or so. Thus i t  would appear that s t a t is t ic a l ly  
equation (3-5) should be w ritten '
. ' -I R. S = CCS _ T7—r. •IN— i *
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However, fo r many sets of data th is  would give an imaginary 6 since 
cos 6 would be greater than un ity .
Thus we are le f t  with two somewhat inconsistent angular standard 
deviations,both of which we reta in  for the sake of comparision with 
other people's work. Henceforth we designate ■
5 = cos-1 ~  (3-5)
and
(3-6)
and acknowledge the fa c t th a t only fo r large N are they sometimes equal. 
However, we shall find th a t in p ractice  5 and A usually d if fe r  only by 
a small amount, even fo r quite small N (c f .  Tables 5-1 and 5-2 in 
Chapter V ). Watson (1966) makes the point tha t i t  is a mistake to 
attempt to  define an angular standard deviation a t a l l ,  fo r k is much
eas ie r to  handle s t a t is t ic a l ly  than 5 or A. The equation fo r addition
of angular standard deviations a ris ing  from several sources correspond­
ing to  equation (3-4) fo r  k is
<ST = + s2 + 53 + ____3 ,/2 (3-9)
Cox (1962). This applies equally to  5 or to  A.
Confidence lim its
A ll the above s ta t is t ic a l  quantities k, 6, A are measures of the 
dispersion of a se t of vectors. That is , they are measures of the true 
sca tte r  in an in f in ite  population of vector d irections from which N are 
sampled,rather than indications of the precision or accuracy c f the
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measuring process. They do not necessarily change with more measure­
” ments (increasing N) as do such factors as the radius of the 95# c ir c le  
of confidence, .
-|J. N-R 
*95 = cos V  ' —
I tfPT  
1-0.95/
140 . , ,Tgq-degrees (3-10)
(F isher, 1953) and a s im ila r expression fo r a ^  (the expression re la t­
ing cigg to k is va lid  only for Fisherian d istribu tion  and small o; 
th is  expression is not used in our an a lys is ). These parameters measure 
how accurately the measured mean represents the true mean, and as such 
w ill generally become smaller the larger N is .  Since in SV work we are 
generally interested in the dispersion of a group of vectors rather than 
the mean it s e lf  we shall be more concerned with dispersion than pre­
cis ion  parameters.
Analysis of variance
Thus fa r we have been considering the s ta t is t ic s  of N independent 
observations of direction a ll observed at the same h ierarch ica l level 
of s ta t is t ic s .  I f  we are sampling a series  of lava flows, each of 
which represents a 'spot' reading of the geomagnetic f ie ld ,  in order 
to study the SV we w ilI want to take several samples from each flow to 
minimize experimental error. Thus for each ’ flow mean’ d irection  there
w ill be associated a certain 'w ith in  flow ' s ca tte r  k or 6 . As a0)
measure of secular variation  we w il l  find the sca tte r of these flow
means, k  ^ or S-p However, th is  flow mean sca tte r is the to ta l sca tte r
due both to the exoerimental errors of the w ith in flow sca tte r (k or' u)
5 ) and the between flow scatter (k , or <5_), which is. presumably dueoi 8 is
so le ly  to SV. To sort out one source from the other we shall use the 
two t ie r  analysis of Watson and Irving (1957), which is explained more
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fu l ly  by Watson (1966) as merely being an analysis of variance carried 
out on a sphere. The more general p rinc ip les  of analysis of variance 
are given by Panofsky and B r ia r  (1963). Larochelle (1967, 1968) uses 
a s lig h t ly  d iffe ren t analysis of variance scheme, but as the results 
only d if fe r  s l ig h t ly ,  and for the sake of comparison with other work 
we w ill follow the scheme of Watson and Irv ing . Accordingly we may 
draw up Table 3-1.
TABLE 3-1
Analysis of variance tab le fo r 2 - tie r  analysis 
a fte r  Watson and Irving (1957). See tex t fo r d e ta ils .
Source 
Between' flows' 2(6-1)
DF SS
(degrees of (Sum of 
freedom)
- MS 
(mean
squares) square)
Expectation of 
mean square
m .  - R (ZR.-R)/2(B-I) 4 4 - +  A
1 1 • 2 koj kf3
Within flows 2 [Z (N .- I)]  Z(N.-R.) Z (N .-R .)/2 l(N .- l)
i I I i i 2k
Total 2 (N-I) N-R
where B = number of flows,
N. = number of cores in i^ 1 flow,
B
N = Z N. , 
i=! 1
.thR. = length of resu ltant of N. unit vectors from i flow,
R - length of resultant of a l l  N unit vectors from B flows, 
-  Iand N = -- ( N ------- ) = weighted average of the N..
5- I N ~ 1
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.The s ign ificance of the between flow dispersion may be judged by using 
an F-ratio  te s t  on the mean squares, i f  there is no s ign ificance we 
are forced to ignore between flow varia tion  due to SV and assume i t  is 
a l l  due to experimental errors; i .e .  k = ®. In fact, of course, th isP
may not be s t r ic t ly  true but whatever SV component is present in the 
sca tte r w ill be irrevocably buried in the erro rs. In any case i t  
should be possible to place an upper lim it on the scatter a ttr ibu tab le  
to SV. A complete numerical example of the use of th is  method is 
given by McElhinny (1967).
The method of Watson and Irving (1957) is, s t r ic t ly  speaking, only 
va lid  i f  the w ithin-flow scatter is constant from flow to flow.
McElhinny (1967) points out that the method may s t i l l  be used i f  the 
data is Fisherian and.the-prcduct k.N. is-approximately constant where k. 
is the Fisher parameter of the i"*"*1 flow. Though our data w ill ra re ly  
s t r ic t ly  s a t is fy  these c r ite r ia ,  in the absense of a better s ta t is t ic a l  
scheme we shall make use of i t  anyway as a useful measure of between- 
flow scatter, and fo r comparison with other resu lts .
An a lte rn a tive  method of removing the e ffe c t of within-flow 
scatter from the sca tte r of flow means should also be mentioned. Taking 
6, to be the measured dispersion of flow means and 6 to be the RMST Ii) ■
value of the w ith in flow dispersions 6. of the B flows, one may w rite
2 2 $2 A — £ ^
6 ~ t  ”  B~ ’ (3-11)
where 6 may now be considered to represent the between-flow dispersion
3
after removal cf within-flow effects. o„ is thus a measure of the True3
dissension of field directions durinc exTrusicn of the flows in quesTion.
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This method has the advantage of s im p lic ity  but lacks the b u ilt- in  
assurance of a s ign ificance te s t. However, Creer and Sanver (1970) 
in analyzing 21 sets of data by both equation (3-1 I) and the tw o-tier 
analysis of Watson and Irving (1957) found an almost n eg lig ib le  d if fe r ­
ence of only 0.7 ± 0 .5 ° between them.
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IV. PALEOSECULAR VARIATION MEASUREMENTS IN ALASKA 
Techniques
The methods and equipment used in th is  study are s im ila r  to those 
used by others and are adequately described in the lite ra tu re  (e .g . 
CoIIinson e t aj_., 1967). Our p a rt icu la r  system is  explained by Cameron
(1970) and Cameron and.Stone (1970).
Cores were taken with an a ir  cooled chain saw motor powered coring 
d r i l l  using a water cooled 2.54 cm diameter s ta in less  steel coring b it  
with diamonds se t in a phosphor-bronze matrix on the cutting  edge. The 
d r i l l  is  s im ila r  to  that described by Doell and Cox (1967).
Cores were oriented using a slotted  copper tube which f i t s  over 
the core while i t  is  s t i l l  attached to bedrock. A brass w ire s lid  
down the s lo t  records the fu d ic ia l line on the core i t s e l f .  A Brunton 
compass is f it te d  to a moveable platform a t the top of the tube. Abso­
lute o rien ta tion  in space-of each core was achieved by sun compass read­
ings.
In the laboratory, cores were cut into I cm or 2.1 cm discs before 
measurement in a 5 Hz spinner magnetometer (Foster, 1966) or in a few 
cases with an a s ta t ic  magnetometer.
O rientation  errors both in the f ie ld  and f in a l positioning in the 
measuring apparatus are thought to  be on the average < 2° ,  in line  with 
Doell and Cox (1963). Errors a ris ing  from the measurement i t s e l f  are 
ra re ly  as much as 5 °.
Following Doell and Cox's (1963) suggestion tha t 6 cores per flow 
was an optimum number in terms of balancing s ta t is t ic a l  advantage a­
ga inst lo g is t ica l d if f ic u lt y ,  we took 5 or 6 cores per flow (ra re ly  as
. 39 •
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few as 3 or 4 per flow, and on occasion as many as 11 or more).
To ensure adequate representation of the magnetic f ie ld  d irection 
recorded by a given flow, an attempt was made to spread the sampling 
s ites  within the flow la te ra lly  over 50 meters or more. In p ractice , 
due to weather, te rra in , outcrop lim its or time, th is  was only rare ly  
possible and 20 or 30 meters is perhaps a better estimate of la teral 
spread. An attempt was also made to sample at equal ve rtica l in terva ls  
within any flow but likewise lo g is tica l considerations often prevented 
th is . Cores were taken only from rocks which were in s itu  and one 
could be certa in  no local rotation  or slumping had occurred.
S ta b il ity  tests and magnetic cleaning were accomplished by succes- 
ive a lternating f ie ld  (A .F . ) demagnetizations. Samples were tumbled 
about two mutual Iy perpendicular axes w ithin a slowly decreasing 60 Hz 
f ie ld . "
Final d irections and VGP's taking core and bedding orientation  in­
to account were calculated using an IBM 360-40 e lectron ic  d ig ita l com­
puter. Results were hand plotted on a Wulff stereographic projection. 
S ta t is t ic a l parameters were calculated using the same computer.
Potassium-argon (K-Ar) whole rock age determinations were carried  
out on a few hand samples from almost a ll the s ite s  by Geochron 
Laboratories, Inc. and Mobil Research and Development Corporation. 
Sampling s ites
Suitab le sequences of lava flows fo r paleosecular varia tion  meas­
urements were sampled on three Islands in the Aleutian Island chain,
and at cne s ite  In the Wrangell Mountains (F ig . 4-1). F ie ld  work was
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Figure 4-1. Location map of paleosecular .variation measurement sites in Alaska.
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done during the summers of 1967, 1968 and 1969. Samples co llected a t 
a few other Alaskan s ite s  were also used in combined s ta t is t ic a l 
analysis.
The overall geology of the Aleutian Islands has been outlined by 
Coats (1956b), Cameron (1970) and Cameron and Stone (1970). A resum§ 
of geophysical work in and around the Aleutian Islands has been compiled 
by Stone (1968). A series of reconnaissance surveys of individual 
islands was published in the late l950Ts by the U .S. Geological Survey 
in several sections of Bu lle tin  1028.
Kanaton Ridge, Kanaga Island (KAN). The geology of northern Kanaga 
Island in the Andreanof Island group of the Aleutians is outlined by 
Coats (1947, 1956a). '
Kanaton Ridge (KAN) forms the caldera rim of ancient Mount Kanaton, 
a broad shield  volcano constructed, according to Coats, during late 
Tertia ry  and early  Quaternary time. However, a K-Ar date run on a sam­
ple taken a few feet above the top flow cored, gave a date of only 
0.18 ± 0.09 m.y. I t  is composed of a sequence of nearly horizontal 
basalt and andesite flows which are weathered only enough to make find ­
ing in s itu  outcrops su itab le for paleomagnetic sampling a l i t t l e  d i f f i ­
cu lt. •
Eight flows were sampled in June 1968 from between 1500 and 2000 
fee t a lt itu d e  on an eastward trending ridge ju s t  outside the ancient 
caldera rim, about 1.5 km east of the lake, which is 3 km southeast of 
Kanaga Volcano (the sampling s ite  is near m ilita ry  grid point DH505930 
or a t approximately 5 l°5 - fN., I52°5d.,£ .) .  Between 5 and II cores per 
flow were d rilled  but only one flow had less than 6 cores d riI led. The
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flows are numbered I through 8 from the lowest exposure upward to near 
the top of the ridge.
Three I cm discs were cut from each core and s t a b i l i t y  te s ts  were 
run on selected discs from each flow . On the basis of these te s ts , 
which indicated that most unstable components had been removed by 380 
oe peak A.F. demagnetization (Figure 4-2a, b), one d isc (the middle one) 
from each core was demagnetized a t 380 and 760 oe. As the former f ie ld  
c le a r ly  gave the lower sca tte r only these values were used in the anal­
y s is .
Flow 8 of the KAN se rie s  presented somewhat of a problem as both 
magnetically low dip and magnetically reversed cores were present. I t  
was f in a l ly  decided a fte r  studying the f ie ld  notes denoting exact lo­
cations, of cores, that we had inadvertantly sampled two flows, the one 
being normal with low dip and high sca tte r and the other being reversed 
with low dip but very small sca tte r. They both have considerably lower 
magnetic in tens ity  than the remaining flows. These flows have been 
designated 8A and 8B respective ly .
Due to low magnetic dips and in ten s it ie s  of samples from these 
flows i t  is  presumed that they were extruded while the geomagnetic f ie ld  
was undergoing a reversal and therefore represent a period of unstable 
f ie ld  behavior (Momose, 1963; Lawley, 1970; Goldstein e t  a I . ,  1970;
Ito and F u lle r , 1970; Creer and Is p ir , 1970). Though i t  is  impossible 
to  t e l l  from the lim ited exposures which flow is  the o lder i t  seems 
lik e ly  tha t flow 8A which is normal predates reversed flow 8B because 
of the stab le sequence of normal flows below. In any case, since 
flows 3A and SB represent abnormal f ie ld  behavior they have been omitted
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Figure 4-2. Paleomagnetic data for Kanaton Ridge, Kanaga Island (KAN).
(a) Magnetic intensity and (b) vector directions of pilot samples during 
A.F. demagnetization. Arrows point toward higher fields. Sample numbers 
are indicated.(c) Flow mean magnetic vectors. Flow numbers are indicated; 
arrows point toward younger flows, (d) Corresponding flow mean VGP's.
Mean data from Table 4-1. North seeking poles (north VGP's)are plotted on 
Wulff stereonets with solid circles indicating lower (north) hemisphere 
and open circles indicating upper (south) hemisphere.
. - • . 44 ..
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from the s ta t is t ic a l  ana lysis .
The magnetic reversal of flow 8B gives us an additional handle on 
the age of the KAN sequence. The only f ie ld  reversals reported within 
the Bruhnes Normal P o la r ity  Epoch or within the last 700,000 years 
(Cox and Dalrymple, 1967; and others) are the Blake Event dated by 
carbon-14 methods at between 108,000 and 114,000 years ± 10$ (Smith and 
Foster, 1969) and the Laschamp Event dated by C—14 methods a t about
8.000 years (Bonhommet and Babkine, 1967; Bonhommet, 1970) and by K-A.r 
methods a t less than 20,000 years (Bonhommet and Zaringer, 1969). How­
ever, Denham and Cox (1970) present independent f a ir ly  conclusive e v i­
dence that no geomagnetic f ie ld  reversal occurred between 30,000 and
12.000 years ago.
The age fo r the KAN sequence reported above is actua lly  the mean 
of two whole rock K-Ar age determinations run on the same sample by 
Mobil Research and Development Corporation which were lis ted  as 0.24 ± 
0.08 and 0.13 ± 0.09 m.h. This gives a to ta l range of 40,000 to 320,000 
years. However, th is  range merely re fle c ts  the precision of the lab­
oratory technique and a somewhat greater actual range may be expected. 
Thin section examination of the rock shows i t  to be a basalt with micro- 
phenocrysts of labradorite, augite and o liv in e  while the ground mass 
contains p lagioclase and cl inopyroxene microl ite s , glomeroporphritic 
aggregates of clinopyroxene, and opaques (B.N. Chatterjee, personal • 
communication, 1969). The rock appears to be not unsuitable fo r K-Ar 
age dating (D. Turner, personal communication, 1971).
Thus given the possible errors on a l l  age determinations, i t  seems 
tha t in the KAN section we have probably recorded the Blake Reversal
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Event, though i t  is possible that the Laschamp Event has been recorded 
instead, i f  indeed they are separate events. The p o ss ib ility  of a 
large scale magnetic f ie ld  excursion should not be e n tire ly  ruled out, 
as the Kanaton reversal is not exact, but is only about 120° away from 
the mean of the normal flows (Figure 4-2c).
The remaining seven flows have vector d irections and VGP's f a i r l y  
t ig h t ly  distributed ( k=136 and 58 respective ly ) about the axial dipole 
f ie ld  direction-and the geographic pole respectively (Table 4-1 and 
Figure 4-2e,d)- The number of flows is too small to ascertain much 
about the d istribution , but i t  is not too fa r  from being a x ia lly  
symmetric. A clear se ria l correlation from one flow to the next is 
evident indicating that perhaps these 7 flows were extruded f a i r ly  rap­
id ly  and do not represent the fu ll spectrum of secular va r ia tio n .
The standard two t ie r  analysis (Watson and Irving, 1957) was 
carried  out on flows I through 7. The resu lts  are given in Table 4-2 
following the format given in Chapter I I I .  The variance ra tio  proved
s ig n if ica n t a t the 95$ level so that calculated values fo r k and ke ■ co 8
are given. The number of flows would appear to  be fa r too small fo r a
re lia b le  measurement of SV to be possible; nevertheless we may take •
k0 = 239 as being a minimum measure (maximum k) of SV during the time p
of extrusion.
Round Head, Kanaga Island (RDH). Round Head forms a prominent sea 
c l i f f  near the easternmost extremity of Kanaga Island. I t  is composed 
of gently dipping o liv in e  basalt flows 10 to  40 feet th ick  which were 
extruded from a vent on the northeast side of ancient Mount Kanaton.
The rock is fresh and typ ic a lly  light in co ior with conspicuous large
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TABLE 4-1
Flow mean statistical data for KAN series. Flows are listed in strati- 
graphic sequence (youngest first). Cores were all A.F. demagnetized at 
380 oe. Site mean data are also given with statistics based on flow 
mean directions (KAN^^) and on VGP's corresponding to flow mean direc­
tions (KAN ). Flows 8A and 8B are omitted from site mean statistics 
(see text)YSP
Flow No. N k 6 “ 95 D I X 4> ■*nrm
8B 5 553.6 3.1 3.3 98.2 -44.7 --25.4 283.9 855
8A 6 2.5 48.2 53.9 53.2 45.6 43.4 283.9 980
7 6 37.6 12.1 11.1 335.8 71.7 75.2 120.7 2261
6 10 41.3 12.0 7.6 345.9 65.7 80.1 74.9 1648
5 8 70.6 9.3 6.6 351.0 64.9 82.3 55.6 2828
4 7 85.7 8.1 6.6 353.9 63.5 82.1 35.6 2269
3 8 82.2 8.4 6.1 352.6 59.4 77.3 29.3 2105
2 10 51.6 10.7 6.8 11.5 61.2 77.6 319.5 1489
1 3 215.9 4.5 . 8-4 15.8 67.4 79.9 276.4 2337
H i d ’ 7 136.3 6.4 5.2 355.9 65.3 84.9 35.3
KAN 7 58,0 9.9 8.0 85.0 37.8vgp
• - - - • -
N = number of cores per :Clow or flows per site for site mean data* tf 9
6, and Oq- are within-flow statistical parameters calculated according 
to equations (3-3), (3-5) and (3-10) respectively. D and I are mean 
declination and inclination directions of the north seeking magnetic 
vector. + or - X and $ are north or south geographic latitude and east 
longitude of corresponding VGP except for KANvgp where mean of VGP's 
is given. 6, a D, I, X, and 6 are all in degrees. J is the flow 
mean NRM value of magnetic intensity in e.m.u. cm” 8 x 10”°.
TABLE 4-2
Analysis of variance table for KAN series. Flows 8A and 8B are omitted 
from calculations (see text). F is ratio of mean squares; F5^ m is 
F-ratio for 5% probability level read from standard statistical ’ 
tables. See Table 3-1 and Chapter 3 for explanation.
Source DF SS MS
Between flows 12 0.2886 0.02405
Within flows 90 0.7890 0.00877
F = 2.7423 > F , =1.375; therefore kg significant
57.01 i/o’ 
kjf 239.34 .
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48.
phenocrys+s of dark augite (Coats, 1956a; Chat+erjee, unpublished, 1968). 
Weathered rubbly layers between the flows suggests a minimum extrusion 
rate of about one flow per hundred years. A K-Ar date on the next to 
lowest flow exposed (flow 2) yielded a date of 0.0 ± 0.6 m.y. and is 
therefore inconclusive. A ll we are able to deduce is  that the RDH 
series post-dates the KAN series and is probably less than 500,000 
years old.
Fourteen flows were sampled in June 1968 along the upper edge of 
the c l i f f  southeast of Round Head summit a t a lt itu d es  ranging from 
near sea level to about 750 fe e t (between m ilita ry  grid points DH 490963 
and DH 499965 or near 5 I°5 4 'N ., I8 2 °5 7 'E .). Between 5 and 9 cores were 
d r ille d  per fiow. The flows are numbered from the bottom up with flow 
number"! being the-pTonTtnerri—thtcker~ than average columnar jo in ted  flow 
ju s t  northeast of the abandoned trapper's  cabin on the south shore of 
Round Head.
As with the KAN samples, three I cm discs per core were cu t, and 
s ta b il i t y  tests  indicated tha t cleaning in 190 oe A .F. peak f ie ld  re­
moved most of the unstable components and produced the lowest w ithin 
flow sca tte r (Figure 4-3a, b ). AccordingIy,the middle d isc from each 
core was demagnetized in th is  f ie ld  and measured; the values thus ob­
tained were used in the s ta t is t ic a l  ana lys is .
The RDH flows are a l l  normally magnetized. A ll but two of the 14
flows have angular standard deviations 6 < 10°  and th e ir  means are
fa i r ly  t ig h t ly  d istributed (5 = 3.9, k = 401.4) in a roughly c ir c u la r
d istribu tion  about a point w ith in 5 degrees of the axial dipole f ie ld
d irection  (Table 4-3 and Ficure 4-5c, d). However, as th e ir  a__ c ir c le s- 95
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Figure 4-3. Paleomagnetic data for Round Head, Kanaga Island (RDH).
(a) Magnetic intensity and (b) vector directions of pilot samples during 
A.F. demagnetization, (c) Flow mean magnetic vectors; circle of radius 6 
is drawn about site mean, (d) Corresponding flow_mean VGP's. Note expand­
ed stereonets. Mean data from Table 4-3; cf. explanation to Fig. 4-2 
for further details.
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TABLE 4-3
Flow mean statistical data for RDH series. Flows listed in stratigraphic 
sequence (youngest first). Cores A.F. demagnetized at 190 oe. Site mean 
data are also given (cf. Table 4-1 for explanation of symbols).
Flow No. N k 6 *95 D I X * JNRM
14 5 47.9 10.5 11.2 343.0 78.4 72.2 161.7 3970.6
13 5 192.8 5.2 5.5 359.0 73.1 83.1 178.7 3292.7
12 8 541.6 3.3 2.4 3.2 73.6 82.2 195.0 3421.9
11 8 94.2 7.8 5.7 349.2 69.6 83.3 109.5 3130.1
10 8 61.9 9.7 7.1 0.8 71.3 85.9 189.0 3092.2
9 6 292.8 4.3 3.9 4.7 72.7 83.2 204.5 3096.7
8 5 86.2 7.8 8.3 2.4 72.7 83.7 194.6 2795.9
7 5 218.2 ' 4.9 5.2 1.2 70.5 87.2 196.7 3633.7
6 9 410.7 3.8 2.5 13.5 69.0 82.0 263.3 3253.5
5 5 164.0 5.7 6.0 7.0 76.5 77.0 196.6 3129.4
4 6 27.0 14.3 13.1 9.0 73.0 81.6 216.8 2758.6
3 4 156.9 5.6 7.4 353.6 74.6 80.1 164.9 3690.6
2 7 68.0 9.1 7.4 358.7 .66.1 86.5 17.6 2839.6
1 7 72.4 8.8 7.1 4.3 67*6 87.0 298.1 3742.3
RDH d
RDHvgp
14
14
401.4
151.6
3.9
6.3
2.0
3.2
1 .1 72.2 84.6
84.4
189.0
188.5
TABLE 4-4
Analysis of variance table for RDH series (cf. explanation to Table 4-2),
Source___________________ DF______________ SS_________________ MS__________
Between flows 26 0.20381 0.0084
Within flows 148 0.804 0.00543
F = 1.444 < F „ 1/0 - 1.55; therefore ka not significant.Ora) f 1 0^ P
' ' 50
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of confidence have considerable overlap with each other, the s ig n if i ­
cance of the separate flow mean directions as being representative of 
true f ie ld  changes is doubtful. This is borne out by the analysis of 
variance (Table 4-4), which finds the variance ra tio  to be less than 
that which could occur randomly 5% of the time. Thus i t  is not possible 
to ca lcu late  separate k  ^ and and a ll we may conclude is  tha t k = 401.4 
represents the maximum dispersion ( i . e .  minimum k value) during the time 
of extrusion of the lavas.
The problem remains as to whether th is  value can be considered a 
measure of SV or whether we must conclude that the flows were extruded 
too fa s t for SV to be recorded. DoelI (1969) argued fo r a very d if fe r ­
ent sort of volcano in Hawaii that 54 flows took a t least 9000 years to 
accumulate. His caTcu! a tfo rr is  based-on- la te ra l extend-of individual 
flows, circumference of the caldera and the number of summit eruptions 
per year (Chapter I I ) .  I t  is of course dangerous to extrapolate from 
an oceanic volcano to an island arc volcano especia lly  when we know a l ­
most none of the necessary parameters for Kanaga Volcano le t  alone fo r 
ancient Mount Kanaton. Nonetheless we may make some estimates. D oe ll’ s 
ca lcu lation  was based on one summit eruption of lava each 8 1/2 years. 
There has been only one known h is to ric  lava eruption of Kanaga Volcano; 
th is  was in 1906. From the a c t iv it y  of other Aleutian volcanoes of a 
s im ila r type to Kanaga (Coats, 1950) a reasonable estimate might be 
between 5 and 10 eruptions per century. The three individual recent 
(h is to r ic ? ) flows c f Kanaga Volcano which show on Coat’ s (1956a) map 
have the same approximate width (0.5 km) as the Mauna Loa flows in 
Hawaii. Nothing can be said of the .geometry of the vent which cave
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r ise  to the RDH flows except that I t  was probably s im ila r to other 
modern Aleutian vo lcan ic vents and hence somewhat smaller than Mauna 
' Loa. This las t facto r would tend to reduce the time represented a t RDH, 
while the rate of eruption would tend to extend i t .  If  we assume the 
two effects roughly cancel and extrapolate d irectly , we find the 14 RDH 
flows correspond to about 2300 years. This figure is not very d if fe r ­
ent from that arrived a t from the casual f ie ld  observation that the 
weathered layer between flows probably represents a hiatus of a t least 
100 years. We should emphasize again the very approximate nature of 
the above calcu lation  and not exclude the p o ss ib ility  of a somewhat 
shorter or even a much longer time span.
Thus on the basis of these rather tenuous extrapolations,coup led 
with the unusually low measured.scatter,we ten ta tive ly  conclude that 
the RDH value of K = 401.I probably does not represent SV very well and 
must be taken, in fac t,a s  an extreme lower lim it (maximum k) of SV 
scatter fo r th is  s ite .
New Jersey Creek, Umnak Island (N JC ). The geology of Umnak Island 
is outlined by Chatterjee (1971) and is detailed by Byers (1959) as well 
as in a preliminary report by Byers e t a I . (1947). The northeast end 
of the island is  dominated by Okmok Caldera and its  associated volcan- 
ics (Okmok Caldera was known during World War II as 'Zoomie C ra te r ' 
(Freiday, 1945)). According to Byers, Okmok Volcano was b u ilt  up 
during late T e rtia ry  and early  Quaternary time. The flows samp led,here­
in called the New Jersey Creek section (NJC), are among the e a r lie s t  
pre-caldera rocks exposed, "and as such represent the early  stages of 
the build-up of Okmok Volcano. The flows range from 20 to o0 fee t in
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thickness and are described as being mafic phenocryst basa lt (Byers, 
1959). Their upper parts are rubbly and show evidence of considerable 
weathering between flow extrusions.
In August 1959 nineteen flows were sampled from prominent expos­
ures on the c l i f f  about 2.5 miles south of Ashishik Po in t, and 3.5 
miles north of the rim of Okmok Caldera; the NJC s ite  lie s  a few hun­
dred yards west of New Jersey Creek I t s e lf .  I t  is located a t approxi­
mately 53°32’N., |9 I°5 5 ’ E. The section sampled is approximately 500 
fee t th ick  (Figure 4-4). The rocks are fresh and dip very gently north­
wards. The flows are numbered I through 19 with flow I being the low­
est one exposed. Between 4 and 7 cores were d r il le d  from each flow.
One 2.1 cm long cy linder was cut from each core and s t a b if i t y  te s ts  
run as. previously described, A 475 oe. A.F. peak f?e.!d was found.,to 
produce the lowest w ithin flow sca tte r and was thus assumed to  have re­
moved most of the unstable components (Figure 4-5a, b ). A ll cores were 
demagnetized a t th is  f ie ld  and measured; the resu lting  values were used 
for the s ta t is t ic a l  ana lys is .
A ll flows were found to be normally magnetized and had mean d irec­
tions grouped in a quasi c ircu la r  d istribu tion  about a mean w ithin 5 
degrees of the axial dipole f ie ld  d irection  (Figure 4-5c and Table 4-5). 
The within-flow sca tte r  is reasonably small, only two of the flows hav­
ing larger than 10°  and only f iv e  more with greater than 5 °.
In sp ite  of a certa in  amount of overlap of c ir c le s  of confidence, 
the analysis of variance (Table 4-6) c le a r ly  indicates the calcu lated  
value of k to be s ig n if ica n t. Therefore we may take k = 121.7 to 
represent the true dispersion of the geomagnetic f ie ld  during the time
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NEW JERSEY CREEK
Figure 4-4. Rough geologic section for New Jersey Creek (NJC) site. 
Drawn from photographs, spot barometric readings and casual field 
observations.
’ 54 '
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dFigure 4-5. Paleomagnetic data for New Jersey Creek, Umnak Island (NJC).
(a) Magnetic intensity and (b) vector directions of pilot samples during 
A.F. demagnetization, (c) Flow mean magnetic vector directions and (d) 
VGP's. Note expanded stereonets. Mean data from Table 5-4; cf. explanation 
to Fig. 4-2 for further details.
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TABLE 4-5
Flow mean statistical data for NJC series. Flows listed in stratigraphic 
sequence (youngest first). Cores A.F. demagnetized at 475 oe. Site mean 
data are also given (cf. Table 4-1 for explanation of symbols).
Flow No. N k <5 *95 5 I X * JNRM
19 5 586.8 3.0 3.2 23.5 64.4 73.3 298.5 5229
18 6 274.6 4.5 4.1 348.9 50.4 66.2 36.1 3006
17 6 201.0 5.2 4.7 339.2 57.5 69.0 63.2 3994
16 6 371.1 3.8 3.5 322.2 69.8 67.8 117.6 3433
15 7 134.8 6.5 5.2 325.5 68.6 69.2 111.4 4608
14 6 124.0 6.6 6.0 342.0 . 69.8 79.3 110.0 2807
13 6 48.6 10.6 9.7 349.0 64.8 80.6 59.8 2307
12 6 120.4 6.8 6.1 349.4 65.6 81.2 65.6 4306
11 6 251.8 4.7 4.2 343.6 64.5 . 77.3 74.2 8180
10 6 60.9 9.5 8.7 0.5 67.3 • 86.5 7.1 6314
9 6 667.6 2.9 2.6 350.2 68.8 83.9 92.5 7981
8 4 436.2 3.4 4.4 351.6 63.5 79.9 48.1 4163
7 , 5 174.1 5.5 5.8 347.0 65.3 79.7 70.3 6113
6 5 302.9 4.2 4.4 351.8 65.7 83.4 65.7 5405
5 5 150.8 5.9 6.3 357.0 61.4 78.8 23.4 6905
4 6 699.6 2.8 2.5 347.7 62.0 77.0 55.4 4602
3 5 52.5 10.0 10.7 0.5 68.0 87.5 4.5 2071
2 5 106.9 7.0 7.4 355.8 59.8 76.8 25.9 3293
1 6 38.1 12.0 11.0 5.5 61.5 78.5 351.1 2361
NJCflrfNJCvgp
19
19
122.0
57.9
7.1
10.4
3.1 350.5 
4.4
TABLE 4-6
64.7 80.8
81.1
57.2
59.0
Analysis of variance table for NJC series (cf. explanation to Table 4-2)
Source___________________ DF________________ SS____________________ MS______
Between flows 36 0.85672 0.02380
Within flows 176 ■ 0.72356 0.00411
F = 5.79 > F_„  ^1.5; therefore k, significant
jT*} JO) X/O p
k =121.65 
k =142.89
p
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the NJC flows were extruded.
Using the same arguments as fo r the RDH section, following DoelI 
’’ (1969), we may deduce that the 19 NJC flows probably represent a min­
imum time of about 15,000 years. We are basing th is  on the same figures 
as before except we note that the NJC section is !0 times fu rther from 
the presumed summit than the Kau series of Mauna Loa sampled by Doel!
(10 km vs. I km) so the geometric factor works in favor of a longer 
time in te rva l. This of course assumes summit eruptions to be the prime 
contributions to the vo lcanic p ile ; there are, however, no other obvi­
ous eruptive centers nearby. There have been seven known eruptions in 
h is to r ic  time, most of which extruded lava within the caldera (Byers 
e t a L ,  1947; Chatterjee, 1971); these were in 1817, 1824, 1899, 1931, 
1938 and 1945 and the.other sometime, since. 1948 when Byers finished the 
geological f ie ld  work fo r h is 'f in a l report (1959) - th is  la tte r  is  ev i­
denced by a new flow within the caldera which does not show on Byers’ 
map (th is  flow c lea rly  originated a t ’Cone A' where the 1945 eruption 
had taken place).
As fo r RDH, i t  seems safe to  assume 5 to 10 summit eruptions per 
century as an eruptive rate . Again we stress that i t  is  perhaps dan­
gerous to extrapolate from a-Hawaiian to an Aleutian volcano. Never­
theless i t  is unlikely that the 15,000 year figure is much too large 
as we have tended in our ca lcu lation  to weight the figures toward short­
er times. Thus we may take k. = 121.7 as being a f a i r l y  re lia b le  measureP
of SV at the NJC s ite  during a t least 10,000 years of late  Tertia ry  
t  i mes.
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Ashishik Basa lt, Umnak Island (ASH). Like the NJC section the . 
sequence of lava flows here ca lled  the Ashishik Basa lt (ASH) section is 
part of the pre-caldera rocks of Okmok Volcano. Both sections are part 
of what Byers (1959) c a lls  Ashishik B asa lt. The ASH section is made up 
of aphyric and feldspathic basalt flows 10 to 70 fee t th ick  (Byers,
1959). Weil weathered layers between flows made d iffe ren tating  one from 
another in the f ie ld  eas ily  possible.
A K-Ar age determination from the topmost flow yielded a date of 
1.9 ± 0.4 m.y. The ASH flows probably post-date the NJC fIows^a(though 
some interbedding does occur (Byers, 1959).
Fourteen flows were sampled in Ju ly  1968 from a northeast facing 
exposure I 1/2 miles southwest of Ashishik Po int and about 2 miles 
north-northwest of the NJC section and located a t approximately 53°32’N ., 
I9 I°5 4 f E. The flows are numbered 8 through 21 with 21 being the top 
flow. F ive cores were taken from each flow, but one core was la te r  d is­
carded as being erroneously oriented.
As with the KAN and RDH se ries , three I cm discs were cut from 
each core. S ta b il ity  tests  indicated th a t 380 oe A.F. demagnetization 
produced the most sa tis facto ry  resu lts  (Figure 4-6a, b); therefore the 
middle d isc from each core was demagnetized in th is  f ie ld  before meas­
urement.
The bottom 13 of the 14 ASH flows were found to be reverse ly magne­
tized with f a i r ly  tig h t within flow sca tte r  (a l l  but one a ^  < 10°),  
while the topmost flow (flow 21) is weakly normally magnetized and d is­
plays very large scatter ( c ^  = 8 4 .5 °); th is  flow is  ignored in the s ite  
mean s ta t is t ic a l  analysis. Complete data are given in Table 4-7 and ‘
Figure 4-6 c and a. The two t i e r  ana lys is  (Table 4-8) indicates that
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Figure 4-6. Paleomagnetic data for Ashishik Basalt, Umnak Island (ASH), 
(a) Magnetic intensity and (b) vector directions of pilot samples during 
A.F. demagnetization, (c) Flow mean magnetic vector directions, and 
(d) VGP’s. Mean data from Table 4-7; cf. explanation to Fig. 4-2 for 
further details. ' ' •
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TABLE 4-7
Flow mean statistical data for ASH series. Flows listed in strati— 
graphic sequence (youngest first). Cores A.F. demagnetized at 380 oe. 
Site mean data are also given; flow 21 not included in site mean (cf. 
Table 4-1 for explanation of symbols).
Flow No. N k 6 ce95 D I X JNKM
21 5 1.8 56.5 84.5 247.0 83.8 47.5 175.2 2341
20 5 925.4 2.4 2.5 207.0 -66.5 -72.6 106.1 8477
19 5 465.5 3.4 3.6 199.6 -69.8 -78.4 93.2 7176
18 5 251.1 4.6 4.8 156.8 -54.4 -65.2 242.4 ‘ 2964
17 5 177.6 5.4 5.8 191.5 -54.4 -69.7 163.7 5898
16 5 323.6 4.0 4.3 121.4 -72.3 -57.6 312.9 2452
15 5 103.8 7.1 7.5 185.3 -79.8 -73.1 18.1 4238
14 5 456.2 3.4 3.6 255.9 -82.2 -54.5 38.1 6584
13 4 76.0 8.1 10.6 5.6 -83.8 -41.3 10.3 7246
12 5 408.8 3.6 3.8 330.7 -80.1 -36.1 23.4 3761
11 5 192.1 5.2 5.5 4.7 -78.3 -31.1 9.8 9378
10 5 263.2 4.5 4.7 351.6 -78.7 -31.9 15.6 14089
9 5 531.4 3.1 3.3 245.6 -78.0 -56.7 52.5 8286
8 5 64.7 9.0 9.6 233.3 -73.6 -60.8 68.6 3071
ASHfid 13 20.8 17.1 9.3 198.1 -81.5 -68.9 26.2
ASH 13 7.3 29.1 16.4 -66.2 25.7vgp
TABLE 4-8
Analysis of variance table for ASH series omitting flow 21 (cf. ex­
planation to Table 4-2).
Source__________ DF_______________ |S___________________ MS_________
Between flows 24 2.8369 0.11832
Within flows 102 0.2670 0.00262
F = 45.16 > F eo, ino - 1.63; therefore k significant 5/», 24, 102 6
k =190.84
k = 21.27b
’ 60
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the between flow sca tte r has considerable relevance and Is not caused 
by within flow sca tte r. The flow mean f ie ld  d irections (Figure 4-oc) 
are f a ir ly  widely scattered in a quasi oval d istribu tion  which could 
hardly be described as Fisherian. The s ite  mean lies  almost 30° away from 
the axial dipole f ie ld  d irection , k and 5 both indicate a large scatter 
about th is  d irection (Table 4-7). The VGP's fo r ASH (Figure 4-6d) are 
even more widely distributed than the f ie ld  d irections and the s ite  
mean pole position is more than 20°  removed from the geographic pole. 
Several individual flows give VGP's up to 50 or more degrees away from 
the geographic pole; these are located in the North P a c if ic .  This 
la tte r  observation may be related to a large geomagnetic f ie ld  excursion.
The listed K-Ar date is the mean of two whole rock dates supplied 
by MobiI Research and Development Corporation; these are 1.7 ± 0.2 and
2.1 ± 0.2 m.y. PetrographicaI'ly the rock seems to be well suited fo r 
dating (D. Turner, personal communication, 1971) but no laboratory data 
is availab le  fo r assessing the ana lys is . Assuming there is no reason 
to  doubt these dates i t  would appear that flow 21 was extruded during 
e ithe r the G IIsS (McDougall and Wensink, 1966) or the Olduvai Normal 
Events (Doell et a L ,  1966) of the Matuyama Reversed Epoch which occurr­
ed approximately 1.6 and 1.9 m.y. ago respectively (Cox and Dalrymple, 
1967); however, GrommS and Hay (1971) report these may be the same event 
and postulate instead a double event, the Reunion Normal Event, spanning 
the times 2.16-2.11 and 1.98-1.95 m.y. ago. It. is not possible, given 
the uncertainties of the ASH data, to  determine which event v/e have in 
fa c t samp led.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
62
Crater Creek, Umnak Island (CCR) .  A sequence of 15 lava flows were 
sampled In Ju ly  1968 on the northwest side of Crater Creek gorge where 
i t  cuts through the wall of Okmok Caldera. The sampling s ite  is about 
one half mile outside the line of the Caldera rim and a few hundred yards 
north of Crater Creek F a lls  o r a t about 53°23’N., 19I°55’E .. The Crater 
Creek basalt defined by Byers eh aj_., (1947) is the youngest pre-caldera 
unit of Okmok Volcano and Byers (1959) lis ts  these basalts as being 
Pleistocene to Recent in age. Two whole rock K-Ar age determinations 
on rocks from one of the upper flows (flow no. 10) yielded ages of 
0.0 ± 0.15 m.y. so we can not improve on Byers' estimate.
The flows are numbered I through 15 from the bottom up. Byers 
(1959) also found 15 flows a t  th is  location and had two of them chemi­
c a lly  analyzed. Byers’ numbering scheme is the same as that used here 
and his numbers probably coincide with ours. Between 5 and I I  cores 
per flow were taken.
Chatterjee (1971) conducted rather extensive mineralogicaI and 
magnetic studies on the same samples used here in an attempt to under­
stand the rather unusual paleomagnetic resu lts . The flows range from 
th o le iite s  to o liv in e  th o le iite s  and the opaques, which are probably 
so le ly  responsible fo r the NRM, are fine  grained and restric ted  to  the 
groundmass (Chatterjee, 1971).
The usual s t a b i l i t y  tests  were carried out by stepwise A .F . demag­
netizing a few p ilo t  samples and then choosing from the resulting series 
of measurements that peak f ie ld  which seemed to remove the most so ft 
components while a t the same time preserving the orig inal hard compo­
nents (Figure 4-7a, b ). A 760 oe A.F. demagnetization was f in a l ly
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Figure 4-7. Paleomagnetic data for Crater Creek, Umnak Island (CCR).
(a) Magnetic intensity (Chatterjee, 1971) and (b) vector directions of 
pilot samples during A.F. demagnetization, (c) Flow mean magnetic vector 
directions (upper) and VGP's (lower) using NRM data, (d) Flow mean magnetic 
vector directions (upper) and VGP's (lower) for 760 oe. A.F. demagnetization. 
Circle of radius & drawn about site mean vector direction. Note expanded 
stereonets. Mean data from Table 4-9; cf. explanation to Fig. 4-2 for 
further details. .
• • 63 •
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chosen as the optimum f ie ld  and the middle d isc from a l l  cores was de­
magnetized at th is  f ie ld  before measurement. However, on comparison 
of the demagnetized resu lts  with the NRM resu lts  i t  was found tha t in 
a number of flows the demagnetization a c tu a lly  increased the w ithin 
flow sca tte r of f ie ld  vectors . For th is  reason we have carried  out 
fu l l  s ta t is t ic a l ca lcu la tio ns  on both the NRM and A.F. demanetized re­
su lts  (Tables 4-9 and 4-10).
Chatterjee (1971) concluded on the basis of his m ineralogicai 
studies including both thermal demagnetization resu lts  (Figures 4-8 and 
4-9) and x-ray d iffra c t io n  ana lys is  th a t most of the flows had a re la ­
t iv e ly  stable but more or less random chemical remanent magnetization 
(CRM) component resid ing in very f in e  grains of hematite and/or maghe- 
mite in the ground mass which was not e a s ily  removed by standard A.F. 
demagnetization techniques. This is  p a rt ic u la r ly  true of flows 10 
through 14 (Table 4-9). A s l ig h t  co rre la tio n  between small sca tte r and 
high values of the Kbnigsberger ra t io  (KOnigsberger, 1938) is  observed 
but th is  does not appear to  be s ig n if ic a n t  (Table 4-11).
The d is tr ib u tion  of the flow mean d irections and VGP’s of the CCR 
section is unusual. A ll flows are normally magnetized and th e ir  VGP s^. 
d isp lay a c le a r ly  elongate, almost lin ea r, d is tr ib u tion  centered within 
3 ° of the geographic pole and oriented roughly along the 45° and 225°
E. Longitude meridians (F igure 4-7c, d)-. The elongate q u a lity  of the 
d istribu tion  is  somewhat less pronounced fo r  the NRM than i t  is fo r the 
A .F. demagnetized data. This d is tr ib u tio n  is  d i f f i c u l t  to explain. 
Chatterjee (1971), on the basis of su s c e p t ib il ity  anisotropy measure­
ments, concludes that s u s ce p t ib ility  anisotropy in a preferred . '
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TABLE 4-9
Flow mean (statistical data for CCR series. Flows listed in stratigraphic order (youngest first). Subscripts^ and indicate NRM values 
and values calculated from 760 oe A.F# demagnetized data. Site mean <jata are also given (cf. Table 4-1 for explanation of symbols).
Flow No. Nn Na kn
ka 6n 6a (C95n tt95a Dn In Da Ia Xn Yn Xa <t>ra
15 7 7 186.6 452.2 5.5 3.5 4.4 2.8 356.8 65.9 350.4 64.0 84.3 34.1 80.1 54.3
14 6 6 44.5 13.0 11.1 20.6 10.2 19.3 11.6 73.0 358.1 60.7 81.8 238.8 78.1 18.7
13 8 8 52.3 18.9 10.5 17.5 7.7 13.1 9.2 65.6 356.2 59.5 81.9 322.3 76.6 24.6
12 5 6 22.6 7.8 15.3 26.7 16.5 25.6 358.4 71.0 354.6 63.4 87.8 167.8 80.8 36.7
11 8 8 24.3 10.8 15.4 23.2 11.5 17.6 • 16.4 72.5 339.4 51.9 79.8 250.1 64.4 55.3
10 11 11 53.5 29.3 10.6 14.3 6.3 8.6 8.4 62.2 352.1 57.5 78.6 339.8 73.7 34.6
9 7 7 12.9 106.1 21.0 7.3 17.5 5.9 356.8 68.6 1.6 75.8 87.5 64.1 80.3 196.1
8 • 6 6 182.8 170.0 5.5 5.7 5.0 5.2 8.7 68.7 353.4 69.0 84.6 293.3 85.9 90.9
7 6 6 223.6 31.8 5.0 13.2 4.5 12.1 12.3 73.5 16.4 79.0 81.0 236.1 73.0 212.4
6 8 8 85.5 48.8 8.2 10.9 6.0 8.0 7.9 72.1 358.2 65.4 84.2 239.7 84.0 23.3
5 5 5 145.8 42.1 6.0 11.2 6.4 11.9 347.6 62.3 354.4 61.5 77.2 56.7 78.6 33.1
4 7 7 120.4 200.5 6.8 5.3 5.5 4.3 3816 80.2 40.2 78.5 65.7 221.7 66.3 229.2
3 9 9 270.7 256.4 4.6 4.8 3.1 3.2 38.6 76.3 42.2 75.1 67.9 238.4 66.2 243.9
2 9 9 287.0 61.6 4.5 9.7 3.0 6.6 34.0 77.5 26.5 75.0 69.2 231.7 73.7 240.5
1 8 8 84.4 186.8 8.3 5.6 6.1 4.1 351.6 61.6 346.2 59.2 77.9 42.8 73.6 52.2
CCRfld 15 15 115.7 58.2 7.3 10.3 3.6 5.1 6.9 70.6 358.0 67.1 85.8 259.9 86.2 31.7
CCR
Vgp 15 15 45.6 26.0 11.6 15.4 5.7 7.6 85.2 254.8 87.6 33.4
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Analysis of variance table for CCR series. Subscripts n and a refer to values calculated 
on the basis of NRM data and on measurements made after 760 oe A.F. demagnetization (cf. 
explanation to Table 4-2).
TABLE 4-10i
Source DF DFa SSn SS MSn MS
Between flows 
Within flows
28 28 0.9231 1.8387 0.03297 0.06567
190 192 1.746’ 3.104 0.00919 0.01617
CJ\
ON
F = 3.59 > F5„ 20 190 z 1•70jII >
F B 4.06 > Fs , 2Q, 192 * 1.70|
therefore k significant in both cases- p
k = 54.41 k = 153.68 a> 3n Mn
k = 30.92 k0 = 74.53h> pa a
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Figure 4—8, Intensity vs. temperature during thermal demagnetization 
of selected samples from CCR section (from Chatterjee, 1971).
Figure 4-9. Behavior of magnetic vectors from selected CCR samples 
(from Chatterjee, 1971). Numerals beside data points indicate temperature 
in °C. Rt = room temperature. Plot for sample no. S650 a was made before 
correction of an orientation error, cf. explanation to Fig. 4-2 for further 
details. .
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Susceptability y, mean intensity J, and Ktfnigsberger ratios, Q 
Basalts (from Chatterjee, 1971). 1
TABLE 4-II
Jhrm of the 15 flows of Crater Creek
Flow No 4 N xCe.m.u. cm ?) Jnrm(e.m.u. cm
o\vo
15 7 14691 X 10~6 13200.0 X 10"6 0.90
14 6 17916 X 10“ 6 8420.0 X 10"6 0.47
13 8 18093 X 10-6 10040.0 X 10~6 0.55
12 6 21550 X io' 6 10520.0 X 10~6 0.49
11 8 20718 X IQ" 6 12430.0 X 10"6 0.60
10 11 18227 X 10-6 11920.0 X IO" 6 0.65
9 7 17625 X 10-6 12540.0 X IO" 6 0.71
8 5 9200 X 10-6 20840.0 X io“ 6 2.27
7 6 10625 X 10"6 15390.0 X io“ 6 1.45
6 8 10625 X io" 6 11200.0 X io“ 6 1.05
5 5 14500 X io" 6 13800.0 X io" 6 0.95
4 7 17645 X 10"6 10680.0 X 10-6 0.61
3 9 8333 X io' 6 11830.0 X 10-6 1.42
2 9 13138 X 10-6 9050.0 X 10"6 0.68
1 8 14468 X 10-6 8929.8 X io" 6 0.62
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d irection  is not a possible cause for the d istribu tion . Tectonic
mechanisms also seem un like ly . One might expect such a d istribu tion
in d irections on the flank of a large volcano which was continually
being in fla ted  and deflated by the intrusion and ultimate extrusion of
magma which would cause a given area to t i l t  back and forth about the
same axis (Eaton, 1962). However, the amount of t i l t  required is
rather excessive (the greatest such t i l t  observed is some two orders
of magnitude less than indicated by the paleomagnetic resu lts ) and
would be' in the wrong d irection  i f  we assume the volcano to be in flated
symmetrically. Large scale tecton ic  causes are also ruled out because
of th e ir  necessary magnitude and lack of any other evidence fo r such
movements. The c irc le s  of confidence are admittedly rather large 9b
(four are-> 10 ° fo r the-NRM-data-and six  are > 10° for the-demagnetized 
data) and some of the elongate d istribution  may be due to chance but 
i t  seems un liek ly  tha t a large part of i t  is not due to true f ie ld  
changes during the time of extrusion of the lava flows. This conclus­
ion is supported by the analysis of variance of both the NRM and tre a t ­
ed data (Table 4-10). Nun and Helsey (1971) report a somewhat s im ila r 
d istribu tion  of VGP's from T e rtia ry  lava flows in Is rae l; in th is  case 
reversed and normal VGP’ s are included and they line up roughly along 
the 135° and 315° meridians. Hope (1957) suggests that during very 
recent times ( la s t  several thousand years) SV may in fa c t be in large 
part due to  ju s t  such an o sc illa t io n  of the north geomagnetic pole a- 
Iong a roughly 90-270° E. axis centered close to the geographic pole. 
Such a pattern may have occasionally prevailed along d iffe ren t merid­
ians a t  e a r l ie r  times.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
71
With such an elongate d istribution  the usual F isher (1953) sta ­
t is t ic s  (Chapter I I I )  are of questionable value. Nonetheless, fo r com­
parison sake, we have calculated a ll  the s ta t is t ic a l parameters fo r 
both cases. Because of th e ir  lower within flow sca tte r, the NRM values 
seem to hold the greatest promise of being re lia b le  indicators of true 
paleo f ie ld  varia tions and these values w ill be used in analysis here­
a fte r.
Using the same extrapolation from Hawaii (DoelI, 1969) as used 
above we find that the CCR section might represent about 4000 years as 
a minimum value. This is borne out by the evidence of some weathering 
between flows indicating not too rapid deposition.
Thus we must conclude that the NRM value of kQ = 153.7 is a re la ­
p
t iv e ly  poor value fo r SV for th is  s ite .
Driftwood Bay, Unalaska Island (DFB). The geology of Unalaska 
Island is outlined by Drewes e t (1961). They delineate the 
Makushin Volcanics as being the th ick  p ile  of l i t t l e  deformed vo lcanic 
rocks associated with present day Makushin Volcano on the northwest 
part of the island. The formation consists p rim arily of basalt and 
andesite flows 10 to 50 feet th ick  and probably dates from middle to 
la te  Pleistocene (Drewes ef a_L, 1961).
In August 1969 a series of 21 lava flows was sampled from a 1000 
foot high sea c l i f f  200 yards, west of and below the Driftwood Bay White 
A lice  and DEW Line station on the northwest shore of Unalaska Island. 
This section, here called the Driftwood Bay (DF3) section, is part of 
the Makushin Volcanics formation of Drewes e t a I . ( 1961) and appears 
younger than most of the formation as evidenced by youthful erosion
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features; i t  probably dates from late  Pleistocene or even early  Holocene. 
I t  lie s  approximately 12 km almost due north of Makushin Volcano and 
4 km west of Driftwood Bay (the section i t s e lf  runs between m ilita ry  grid 
points UK824747 and UK927745 or lie s  at about 53°58fN., I93°06’E . ) .
The flows are numbered I through 21 from the top downwards, the bottom 
flow being the th ick  columnar jo inted  flow right a t sea level (Figure 
4-10). S ix  cores per flow were taken except for one from which 7 were 
taken.
The flows a l l  appear to be quite recent and the rock fresh and un­
weathered. The flows range from 7 to 50 fee t in thickness and there is 
considerable thickness of grass covered rubble between most of them; 
these layers vary from a few fee t to  over 100 feet in thickness. Above 
f!ow~21, the bottom flow, a considerable layer of loosely compacted, 
probably subaeriai vo lcanic sediments is exposed (Figure 4-10).
One 2.1 cm long cy lind er was cut from each core and a few p ilo t  
specimens were measured a fte r  A .F. demagnetization in successively 
higher f ie ld s . Because of the very stable d irections that seemed to 
prevail under even f a i r ly  high A .F. demagnetization (Figure 4-1 la , b) 
and the quite t ig h t w ithin flow grouping of the NRM values, i t  was de­
cided to dispense with any ’ b lanket’ A .F. demagnetizing treatment and 
use the NRM data fo r an ly s is .  The additional scatter generated by so ft 
components not removed is thought to  be neg lig ib le . ‘
The DFB flows were a l l  found to be normally magnetized. The 
sca tte r within flows is quite small; only three flows have S’ s larger 
than 5 ° (Table 4-12). The two t i e r  analysis (Table 4-13) shows that 
the between flow sca tte r is quite, s ig n if ican t re la t iv e  to the within
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Figure 4-10. Rough geologic section for Driftwood Bay (DFB) site. Drawn 
approximately to scale from photographs, spot barometric altitude readings, 
and casual field observations. '
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Figure 4-11. Paleomagnetic data for Driftwood Bay, Unalaska Island (DFB).
(a) Magnetic intensity and (b) vector directions of pilot samples during A.F. 
demagnetization, (c) Flow mean magnetic vectors. Circle of radius 6 is drawn 
about site mean, (d) Corresponding flow mean VGP's. Note expanded stereonets. 
Mean data from Table 4-12; cf. explanation to Fig. 4-2 for further details.
' ’ 74 •
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TABLE 4-12
Flow mean statistical data for DFB series. Flows listed in stratigraphic 
sequence (youngest first). Statistics based on NKM data. Site mean data 
are also given (cf. Table 4-1 for explanation of symbols).
Flow No. N k 5 a95 D I A * ^nrm
1 - 6 176.3 5.6 5.1 7.5 67.9 84.5 314.4 5447
2 6 89.1 7.8 7.1 8.4 69.6 85.0 286.8 3705
3 6 223.3 5.0 4.5 9.6 69.3 84.2 290.2 4245
4 6 1192.6 2.1 1.9 9.0 68.0 83.8 307.0 2741
5 6 417.7 3.6 3.3 353.3 66.8 83.9 58.3 3959
6 6 235.9 4.8 4.4 348.5 66.1 81.0 70.6 4740
7 6 322.8 4.1 3.7 342.9 65.4 77.4 78.9 10182
8 6 617.0 3.0 2.7 345.0 68.6 80.8 96.0 7601
9 6 432.9 3.6 3.2 340.9 67.1 77.5 ’91.2 4430
10 6 284.2 4.4 4.0 351.3 67.4 83.5 71.7 2427
11 6 845.5 2.5 2.3 351.0 67.0 82.9 68.6 4423
12 6 224.9 4.9 4.5 6.9 53.9 69.8 356.3 4520
13 6 895.9 2.5 2.2 0.9 60.0 76.9 10.2 5969
14 6 290.3 4.3 3.9 359.6 77.8 77.4 192.3 11060
15 6 863.9 2.5 2.3 4.8 77.4 77.8 202.4 6312
16 7 286.6 4.4 3.6 4.9 76.8 78.8 203.9 3345
17 6 234.7 4.8 4.4 23.8 76.5 74.1 232.7 3424
18- 6- 55-L. 10-.Q- 9-1 4L.3 77.9 66-5 233.9 15054
19 6 441.1 3.5 3.2 28.1 70.4 73.7 269.8 11492
20 6 462.3 3.4 3.1 15.8 67.1 79.5 299.6 5673
21 6 373.6 3.8 3.5 347.2 57.2 71.6 46.9 2213
DFBfld 21 94.8 8.1 3.3 0.9 69.1 88.5 351.1
DFBvgp 21 40.7 12.4 5.0 89.0 322.5
TABLE 4-13
Analysis of variance table for DFB series (cf. explanation to Table 4-2).
Source____________________DF__________________SS________________MS______
Between flows 40 1.2732 0.03183
Within flows 212 0.4210 0.00199
F = 15.995 > F^% 40 212 * therefore significant
k =251.26to
k =  101.33
p '
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flow scatter thus giving the calculated values of and good va lid ­
ity .  The flow mean f ie ld  d irections have a s lig h tly  elongate d is t r i ­
bution centered within a degree of the axial dipole f ie ld  d irection 
(Figure 4-1Ic ).  The VGP d istribution  is s lig h tly  less elongate and 
centered almost on the geographic pole (Figure 4-1 Id ). The flow mean 
d istribution  of f ie ld  d irections is f a i r ly  t ig h t with k = 94.8. There 
is a certain degree of se ria l correlation  between flow mean d irections 
possibly indicating short time in terva ls  between successive flows.
This hypothesis is  strengthened by comparing the p lot of successive 
VGP’ s (Figure 4-1 Id) with the geologic section (Figure 4-10) and noting 
that flows which are c lose ly  spaced in a ltitu d e  tend to have c lo se ly  
spaced VGP's while wide physical separation tends to produce widely 
spaced VGP*s (see especia lly  flows 14 through 18 vs. flows II through 
13 and 19 through 21).
Taking a ll the same geometric and eruptive rate data as fo r NJC 
we once again extrapolate from D oe ll's  (1969) Hawaiian ca lcu lations 
and deduce that the DFB section may represent about 16,000 years. We 
note a t the same time that there have been no lava eruptions of Makushin 
Volcano observed in h is to ric  time in sp ite  of the fact that there has 
been a Russian or American settlement near Unalaska V illage  in p lain  
view of the summit of the volcano since the late 18th century (Drews 
e t a L ,  1961); th is  fa c t could lower the e ffe c tive  eruptive ra te . Also 
the DFB section is  s lig h t ly  further from the presumed center of erup­
tion than the NJC Section.. Both these factors serve to make our time 
span estimate too low. Balancing these considerations is the observed 
seria l correlation tending to make our calculated value too high.
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Recognizing the inherent dangers of such an extrapolation from D o e ll's  
ca lcu la tion , i t  nonetheless seems to be reasonable to assume that the 
DFB section represents a t least 10,000 years and take k„ = 101.33 as
p
being probably a f a ir ly  re liab le  indicator of SV at th is  location 
during the late Pleistocene.
Aleutian mean secular va r ia tio n . Of the six  Aleutian Island s ite s  
discussed above only two s ites  appear to be such as to give re liab le  
readings fo r secular va ria tion ; these are the New Jersey Creek (NJC) 
and Driftwood Bay (DFB) s ite s . A ll the other SV determinations are of 
dubious value because of grossly non-Fisherian d istribu tion  or short 
time spans being represented. In order to obtain a more representative 
indication of late Terfiary-Ouaternary SV we have combined the data from 
a ll  the flows in the six-Aleutian Island sites-.
I f  we are to  use primari I'y f ie ld  d irection s ta t is t ic s  fo r the com­
. bined data as previously, rather than VGP s ta t is t ic s ,  i t  becomes neces­
sary to  make the assumption that the differences in f ie ld  d irections 
a t d iffe ren t s ite s  corresponding to the same VGP's are small compared 
with SV effects  on f ie ld  d irections. This seems to be a reasonable 
assumption i f  the s ite s  are situated a t a not too high paleo la titude  
and are spread out along the same paleo la titude . This is e ffe c t iv e ly  
the situation  with the KAN, RDH, NJC, ASH, CCR, and DFB s ite s  where the 
spread in latitude is only 2 . 1°  and the longitudinal spread is 10.2° .  
Besides those flows already omitted from the analysis, a l l  the flows 
except for a few a t the ASH s ite  have VGP's near enough to the present 
geographic pole so that th e ir  corresponding paleo latitudes d if fe r  by 
approximately the same amounts as th e ir  present la titudes. The few
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ASH flows having low latitude VGP’s are fu l ly  compatable with the a­
bove assumption since th is  happens a t only one s ite ; e f fe c t iv e ly  we 
can consider a l l  the other data ’ transferred 1 to the ASH s ite .
One additional s ite  has been included in the Aleutian Island sta­
t is t ic s .  In June 1968 one lava flow was sampled on Atka Island. There 
are no published geological reports on Atka and the only topographic 
map besides coastal charts published by the U .S. Coast and Geodetic 
Survey is a rough sketch map published by Bergs I and (1959). The unit 
sampled lie s  on the lower slopes of Mount Korovin, a cu rrently  active  
(Coats, 1950) Quaternary volcano. The b asa lt ic  flow appeared to be 
very fresh but d e fin ite ly  not h is to r ic . Two K-Ar whole rock dates run 
on a hand sample from the flow yielded inconclusive dates of 0.19 ± 0.38 
and 0.24 ± 0.31 m.y. The flow is  approximately 100 fee t th ick  and fs 
situated about 300 feet above the beach, 1/2 mile southeast of the war­
time p ier in Atka Harbor (approximate coordinates 52 °I3 ’N ., 174°101W.).  
12 cores were taken and cut into three I cm d iscs. As the NRM resu lts 
appeared stable the samples were not demagnetized. The resu lts  are 
given in Table 4-14.
The resu lts of treating the six  Aleutian SV s ite s  along with Atka
4
are shown in Table 4-15. With 90 flows and ce rta in ly  more than 10 
years represented we may take these values (k = 56, 6 = 10. 8) as f a i r ly  
good estimates of SV during the late T e rtia ry  and Quaternary period in 
the Aleutian Islands region. For completeness and to avoid the problem 
of geographical spread of the s ites  mentioned above, we have calculated 
fu ll s ta t is t ic s  on VGP's as w ell.
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TABLE 4-14
S i t e  mean statistical data for Atka (one flow only). NRM values used 
(cf. Table 4-1 for explanation of symbols).
N k a *95 D I A ♦
12 17.1 18.4 10.8 342.8 64.5 77.4 75.1
12 22.5 16.4 9.4 79.4 84.1
v g p
TABLE 4-15
Statistical data for late Tertiary-Quartemary paleomagnetic sites 
in the Aleutian Islands. Data from KAN (7 flows), RDH (14 flows),
NJC (19 flows), ASH (13 flows), CCR (15 flows), DFB (21 flows) and 
from Atka (1 flow) treated as if at one site (see text) (cf. Table 
4-l_for explanation of symbols).
N k a D I A $
Aleutian Islands^^ 90 56.0- 10.8 2.0 179.4 70.5 87.3 175.7
Aleutian Islands 90 19.5 18.3 3.5 88.0 197.8vgp
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Wait Creek, Nabesna (WCR). In June 1968 and June 1969 a 21 flow 
sequence of Te rtia ry  lavas was sampled near Wait Creek, a tr ib u ta ry  of 
Jacksina Creek,about 5 miles south-southwest of the Nabesna Mine in 
the northeastern Wrangell Mountains of south central Alaska (the flow 
sequence is located in NW 1/2, Sec. 12, T.6 N., R. 12 E .,  Copper R iver 
Meridian or near 6 2 °I8 .7 'N ., I43 °6 'W .).
The flows are numbered I through 21 from the bottom up. Four to 
seven cores per flow were taken except fo r flow 1 in which 25 cores 
were taken in an attempt to get a better paleomagnetic VGP reading. 
Each core was cut into three or more I cm discs. The pa Ieomagnetism 
of flows 6 through 14 co llected  in 1968 is discussed by Stone (1970). 
The en tire  sequence of flows has a f a i r ly  uniform dip of 10° toward 
the west. This dip has been compensated fo r in a l l  the ca lcu lations 
below.
These lavas are p art.o f what is mapped as the Wrangell Lavas of 
T e rtia ry  age by M offit e t  a l .  (1910) and M offit (1943); the e a r lie s t  
of these lavas are said to be Eocene in age. The flows are largely 
andesites though the top flow co llected  appears d a c it ic , apparently 
coinciding with the bottom of a section of dacite flows found a mile 
to the east (Deininger, 1971). They are interbedded with th ick  layers 
of vo lcanic conglomerate and sandstone, notably between flow numbers I 
and 2 and between numbers 5 and 6, which may represent considerable 
time in terva ls  (Figure 4-12). Two K-Ar dates fo r the WCR sequence 
were obtained: a date of 13.5 ± 0.8 m.y. fo r flow number 1 and 6.5 ± 
0.8 m.y. for flow number 13. The former date appears to be probably 
re lia b le ; the la tte r  is perhaps too young as evidenced by the large 
amount of class in the sample dated.
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Figure 4-12. Rough geologic section for Wait Creek (WCR) s ite . Drawn approximately 
to  scale from photographs, spot barometric a ltitu d e  readings and casual f ie ld  obser­
vations and from Cameron (unpublished, 1967).
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The NRM measurements of the bottom f iv e  flows showed very wide 
scatte r, both w ithin flow and between flows, and appeared to be d iffe r ­
ent in d irection from the 15 flows up section. Due to th is  fa c t as 
well as the knowledge of a hiatus of perhaps a few m illion  years repre­
sented by the sedimentary layers, only NRM measurements were made for 
flows I through 5. The data is only reproduced here (Table 4-16) for 
the record and is not.further u tiliz ed .
Successive stepwise A. F. demagnetization and measurements were 
carried out on p ilo t  samples to determine a su itab le  f ie ld  fo r use in 
magnetic cleaning of the remaining samples (Figure 4-l3a, b ). A f ie ld  
of 380 oe was found to remove most of the .softer components, while sti11 
leaving enough of the primary magnetism for good measurements. The 
middle discs from each core in flows-6 through 21 were cleaned in th is  
f ie ld  and measured with a ll s ta t is t ic a l analysis done on the resulting 
data.
The within flow scatter is quite small fo r a l l  of flows 6 through 
21, with 5 being less than 10° fo r a ll but three flows and less than 5° 
fo r seven flows. This indicates that each flow f a i r ly  we 11 recorded a 
spot reading of the geomagnetic f ie ld  a t the time of extrusion. Flov/s 
6 through 16 a ll have mean d irections which are considerably removed 
from the mean axial dipole f ie ld  d irection ,g iv ing  VGP’s located in east­
ern S iberia . They are grouped about a mean of D = 306°, I = 47°
(Figure 4-l3c) so t ig h t ly  (k = 614) that an F-ratio  te s t  shows th e ir  
separate directions to be not s ig n if ica n tly  d iffe ren t from each other; 
we are forced to conclude e ither that they do not represent true v a r i­
ations in the geomagnetic f ie ld  because they were a l l  extruded during
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TABLE 4-16
Flow mean statistical data for WCR Series. Flows listed in strati- 
graphic sequence (youngest first). Samples A.F. demagnetized at 380 oe. 
except those from flows 1 through 5 for which NRM data is given. Site 
mean statistics based on (a) sixteen flows, nos. 6—21, treated separately,
(b) flows 6 through 16 treated separately, and (c) flows 6 through 16 
treated as one 'flow* using mean values obtained in (b) along with flows 
17 through 21 treated as individual flows (see text) (cf. Table 4-1 for 
explanation of symbols).
Flow No.
■ N k 5 “95 D 1 X * JNKM
21 5 417.8 3.6 3.7 302.9 78.8 66.4 166.2 1780.7
20 6 71.0 8.8 8.0 295.7 79.2 64.1 169.6 88.0
19 6 28.2 14.0 12.8 291.5 74.6 59.0 155.9 217.5
18 6 12.5 21.0 19.7 304.0 77.5 66.1 160.4 564.5
17 6 41.4 11.5 10.5 302.5 58.2 48.6 120.1 1075.3
16 7 108.0 7.2 5.8 306.2 53.0 46.0 112.0 979.4
15 6 311.2 4.2 3.8 307.0 48.9 43.0 108.5 897.4
14 6 62.1 9.4 8.6 304.5 49.7 42.5 111.5 1352.4
13 4 225.1 4.7 6.1 306.3 45.8 40.5 107.3 1207.9
12 5 240.4 4.7 4.9 303.3 43.5 37.6 109.2 1179.6
' 11 6' 122.5 6~. 7 6.1 308.3 43.5 39.8 104.1 1153.3
10 6 214.4 5.1 4.6 307.9 44.5 40.3 105.1 1224.3
9 5 587.7 3.0 3.2 304.1 48.1 41.2 110.9 1390.3
8 6 804.6 2.6 2.4 303.9 47.0 40.3 110.4 1611.6
7 6 69.3 8.9 ’ 8.1 306.3 50.5 43.9 110.1 417.8
6 6 333.6 4.1 3.7 306.6 46.9 42.3 105.6 390.2
5 5 12.9 20.3 22.2 158.0 49.8 -52.0 35.4 560.7
4 6 5.1 33.1 32.7 39.4 -16.8 49.6 108.4 1178.5
3 5 23.2 15.1 16.2 86.9 -22.8 2.9 105.7 1989.2
2 5 188.1 5.3 5.6 35.3 -87.6 2.9 181.0 1935.5
1 25 5.6 34.1 13.5 9.6 4.4 29.5 25.9 2496.6
W*!)fld
(a)vgp
16
16
35.1
22.9
13.3
16.5
6.3
7.9
305.1 55.5 47.5
49.3
115.1
117.5
W?§)fld
(b)vgp
11
11
613.9
703.2
3.1
2.9
1.8
1.7
306.0 47.4 41.5
41.6
108.5
108.6
W?§)fld
(c)vgp
6
6
36.6
21.6
12.3
16.0
11.2
14.7
301.8 69.4 58.8
60.1
137.1
141.2
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Figure 4-13. Paleomagnetic data for Wait Creek, Nabesna. (a) Magnetic intensity 
and (b) vector directions of pilot samples during-A.F. demagnetization, (c) Flow 
Tnoan magnetic vector directions and (d) VGP’s. Mean data from Table 4-16; cf. 
explanation to Fig. 4-2 for further details.
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a time short compared with common rates of f ie ld  change, or tha t they 
were extruded during an exceptionally stab le period of the geomagnetic 
' f ie ld  when a t  the same time the f ie ld  displayed an inord inately wide 
f ie ld  excursion. The la tte r  case was assumed by Stone (1970) who only 
used data from flows 6 through 14 sampled in 1968. We have made the 
necessary s ta t is t ic a l  ca lcu lations fo r both assumptions (Table 4-16) t 
but the resulting dispersions d if fe r  only s l ig h t ly .  The flows them­
selves do not appear to have been extruded a l l  a t once fo r they seem to 
be well separated by weathered layers and rubble. However, fo r the 
purposes of fu rther ca lcu lations and comparison with the work of other 
investigators, we have assumed th a t the former case gives a more r e l i ­
able value fo r SV on the basis th a t, since a large f ie ld  excursion has 
evidently taken place, any secular varia tion  which occurred during that 
excursion probably represents •’abnormal’ f ie ld  behavior. We have there­
fore lumped a l l  eleven flows together as one data point to  ca lcu la te  
the secular va ria tion  based on s ix  ’ flow s’ . Flows 17 through 20 show 
a return toward the normal dipole f ie ld  d irection  (Figure 4-!3c). The
two t ie r  analysis (Watson and Irv ing , 1957) giving kD = 33.2 fo r the• ■ p
s ix  ’ flows’ is shown in Table 4-17.
U n fo rtunate ly ,it is  not possible to carry out the Doell (1969) 
time span analysis on the Wait Creek s ite  as we have done fo r the 
Aleutian s ite s  because we know almost nothing about e ith e r the eruptive 
ra te  or about the geometry of the s ituation  a t  the time of extrusion 
due to the very heavy erosional down cutting . Stone (1970) has d is­
cussed th is  problem and a l l  we can do is to  suggest on the basis of 
rubble and so il layers between flows that a t least a few thousand years 
but perhaps not as much as 10,000 years are represented.
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TABLE 4-17
Analysis of variance Table for WCR series using (c) mean data from 
Table 4-16 (cf. explanation to Table 4-2).
Source DF SS MS
Between flows 10 1.1029 0.110289
Within flows 68 0.7933 0.011666
F = 9.454 > F co ~ 1.98; therefore k„ significantDa ) lu) bo p
k =42.8590) • 
k =33.207p
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Other Nabesna s ite s . Ten flows from two outcrops ha lf a mile a­
part (Castle I and Castle I I )  and nine flows from a s ite  a few miles 
away (A ir  I I )  were collected by D. B. Stone in 1965. The Castles are 
about half a mile north of Skookum Creek and about s ix  miles north- 
northeast of the Wait Creek s ite .  The A ir  I! s ite  is about two miles 
west of the Castles and appears to be s tra t i graphicaIly ju s t above the 
Castles (Stone, unpublished, 1965). Both sequences are part of the 
Wrangell lavas and are approximately contemporaneous with the WCR flows 
(Stone 1970).
The paleomagnetism of these s ite s  and its  bearing on secular v a r i­
ation has been published by Stone (1970). Some small errors in Stone’s 
data have been corrected and additional s ta t is t ic s  ca lcu lated . Full 
data are presented in Tables 4-18 and 4-19 where i t  should be noted that 
flow mean s ta t is t ic s  have been calculated treating  a l l  discs separately 
(except for two Castle flows calculated using cores). Thus the true 
number of cores per flow is approximately 1/3 of N (because there were 
usually three discs cut from each core). Since dispersion between discs 
in the same core is generally much less than between core dispersion 
(Doell and Cox, 1963), th is  method of ca lcu lation  gives u n re a lis t ic a lly  
small within flow dispersion.
Stone (1970), on the basis of the s im plified  two t ie r  analysis (eq. 
(3 - ID ) ,  concluded that the with in-flow sca tte r was too -large and that 
much too short a time interval was represented by both these series for 
any re liab le  value of SV to be obtained. This suggestion is strengthen­
ed by rhe lew dispersion values observed at The two s ite s . (5 = 5.6° 
and 6.0° for Castles and A ir I! resoectiv e Iv ) . The A ir  I! s ite  mean is
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TABLE 4-18
Flow mean statistical data for Castles section. Flows listed in strati- 
graphic sequence (youngest first). Data in part from Stone (1970). Sta­
tistics based on NRM data. Site mean statistics are also given (see 
Table 4-1 for explanation of symbols). N refers to number of discs per 
flow except for flows 3 and 10 where it refers to number of cores ( D. B. 
Stone, private communication, 1971). .
Flow No . N k 6 cc95 D i
11 3 2.8 5.2 43.8 76.7
10 5 118.4 6.7 7.1 171.5 83.2
9 15 34.5 13.3 6.6 102.4 72.8
8 7 533.8 3.3 2.6 121.2 79.5
6 12 146.6 6.4 3.6 104.9 79.6
5 11 121.4 7.0 4.2 68.4 83.1
4 15 135.9 6.7 3.3 99.0 80.6
3 6 149.5 6.0 5.5 91.8 81.6
2 12 76.4 8.9 5.0 109.7 78.8
1 3 --- 1.5 2.9 93.1 71.7
^ ‘fld 10 174.3 ' '5.8 3.7 108.8 79.7 248.1
TABLE 4-19
Flow mean statistical data for Air II series. Flows listed in strati- 
graphic sequence (youngest first). Data in part from Stone (1970). Sta­
tistics based on NRM data. Site mean statistics are also given (cf. 
Table 4-1 for explanation of symbols). N refers to number of discs per 
flow (see text).
Flow No . N k S *95 D I
9. 16 246.6 5.0 2.4 335.1 77.5
8 11 • 454.4 3.6 2.1 350.3 78.2
7 9 615.3 3.1 2 .1 346.2 81.5
6 15 835.7 2.7 1.3 340.6 79.3
5 13 276.7 4.7 2.5 348.5 75.4
4 9 82.1 8.4 5.7 8.0 62.9
3 12 446.6 3.7 2.1 1.9 71.1
2 12 150.7 6.3 3.5 7.4 79.6
1 11 1012.1 7.7 a. 4 353.8 78.2
A,IIfld 9 161.1 6.0 4..1 354.7 76.2
X $
87.2 161.0
* OO
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quite close to  the axial dipole f ie ld  while the Castles s ite  mean is 
about 20°jremoved from the ax ia l d ipole f ie ld  (F ig . 4-14) and gives a
i
VGP in southeastern A lberta; the la t te r  presumably represents a f ie ld
excursion.
>
Wrangell Mountains area mean secu lar va r ia t io n . None of the three 
Nabesna area sampling s ite s  apparently represents s u f f ic ie n t  time for
I
a re lia b le  determination of paleosecular v a r ia t io n . Since a l l  three 
s ite s  have s ig n if ic a n tly  d iffe re n t mean pole positions and since e v i­
dently tqcton ic differences are minimal (Stone, 1970) i t  is  c le a r  that
the flows are not exactly contemporaneous and probably span a t  least
4 -the 10 years necessary fo r SV ana lys is . On the other hand the forma­
tion  ca|riJ5“ rocrghIy traced between the s ite s  so th a t a l l  three s ite s  
seem to  be approximately contemporaneous and represent a t most a period 
of a few m illion  years. .
In order to obtain a value of SV fo r the Nabesna area which is 
perhaps more meaningful than those determined fo r  the individual s ite s  
we have treated the flow mean data from the three s ite s  WCR, Castles, 
and A ir  II as i f  they were a l l  a t  the same s it e .  The possib le problems 
aris ing  due to  geographic spread of sampling s ite s  in such combining of 
data, alluded to in ca lcu la ting  the Aleutian mean SV, don 't a r ise  here 
because the s ite s  are a l l  w ith in  less than ha lf a degree of each other. 
For WCR we have treated flows 6 through 16 as one 'flo w * . This gives 
a to ta l of 25 flows. The s t a t is t ic s  are presented in Table 4-20.
The T e rtia ry  value for SV determined in th is  manner fo r  the Wrangell 
Mountain area is large (o = 15.5) and i t  may be argued u n re a lis t ic  be­
cause -of the apparent f ie ld  excursions observed a t both the WCR and
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180°
Figure 4-14. Nabesna area mean field directions. Circles of radius 6. 
WCR mean is 6 'flow* mean (cf. Table 4-16). Other data from Tables 4-18, 
4-19 and 4-20.
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Statistical data for Tertiary sites in the vicinity of Nabesna, Alaska. 
Flow mean data from WCR (6 ’flows’)} Castles I and II (10 flows), and 
A i r  II ( 9 flows) treated as if they were at one site (cf. Table 4-1 
for explanation of symbols). .
N k 6 “gj 0 I A <j>
Nabesna.. , 25 27.1 15.3 5.7 354.4 83.7 74.7 212.2rid •
TABLE 4-20
91
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Castles s ite s . In the analysis of the Aleutian s ite s  we tended to ig­
nore data representing large scale f ie ld  excursions because they ind i­
cated 'abnormal' geomagnetic f ie ld  behavior or were associated with 
f ie ld  reversa ls. In fact, only 3 out of the to ta l of 90 flows were 
ignored in the Aleutian analysis; these were a t  the KAN and ASH s ite s ; 
in both cases they were associated with reversa ls . However, in consid­
ering the Nabesna area s ites  we note that we have recorded two d is t in c t 
f ie ld  excursions among the three s ites  sampled; in terms of flows, 2]
I
out of the 35 flows represent f ie ld  excursions. This is surely a high
percentage to have occurred by chance sampling alone. I t  seems in the
case of the Tertia ry  that these f ie ld  excursions may not be such an
'abnormal' feature of the geomagnetic f ie ld ;  in fa c t, they may be a
comparatively common occurrence. Therefore we have not ignored them
in ca lcu lating  the apparent paleosecular varia tion  for the Wrangell 
' I . _  ^ _
Mountain areal I t  should be noted tha t since there is a p oss ib ility
that a time span of up to a few m illion  years is represented by the
Wrangell Mountain area data there may be factors other than SV included
in the measurement.
Other Alaskan s ite s . Stone (1970) reported on paleosecular va r ia ­
tion measurements a t two additional Alaskan s ite s : Mount Griggs in
Katmai National Monument and Mount Edgecumbe on Krusof Island near 
Sitka in southeast Alaska. Both are Quaternary to Recent volcanoes.
At both s ite s  only 5 flows were sampled; th is  is  considered too smal-1 
a number for re liab le  SV measurement. Nonetheless Stone's (1970) data 
have been recalculated after correcting some small errors to. give 
<5 = 5.7 for Mount-Griggs and c = 7.2 for Mount Edgecumbe. Born s ire
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mean f ie ld  directions lie  within a few degrees of the axial dipole (c f .  
Table 5-1 in the next chapter fo r more complete data). These data might 
be combined with the Aleutain mean data given above to obtain a better 
Quaternary value fo r SV but i t  was thought that the problems of geo­
graphical spread of the s ites would render such a value re la t iv e ly  
meaningless. Flow mean VGP data were not read ily  ava ilab le  fo r these 
two s ite s  precluding combining VGP s ta t is t ic s  to  avoid the geographical 
spread problem.
Cox and Doel I (1954) in a discussion of the latitude varia tion  of 
secular variation (c f .  next chapter) present.diagrams containing SV 
data fo r Quaternary basalts on NunivaK Island ju s t  o ff A laska's western 
coast. Exact numberical data are not ava ilab le  and only the approximate 
values, of N = 43 and A ^  ~ 24° may be read from the published diagrams 
(Figures 7 and 8 of Cox and Doel I,  1964). We have calculated the corres­
ponding dispersion fo r fie ld  d ire c tio n s•instead of for VGP's using the 
re lations (Cox, 1962),
where
A,. . = CA , (4-1)fid  vgp* •
C = 1/4 (I + 3cos2 1 + / T T l c o s l  ) ;  (4-2)m m
I is  the mean inclination  of magnetic f ie ld  d irections. Lacking exact
data, I was taken as the axial dipole f ie ld :  th is  is not thought to m
-introduce a s ig n ifican t error. This gives A^^ - 14.0° from which k = 
33.5 may be found using equation (3-6).
Due to the re la t iv e ly  high value of N the k'univak Island data is 
probably a f a ir ly  good value cf SV during the past m illion  years. How­
ever, as l i t t l e  detailed information has been published i t  is d i f f ic u lt
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. to  assess th is  value.
Cameron and Stone (1970) reported on the paleomagnetism of seven 
mid-late Miocene in strus ives  on Shemya Island in the A leutian Islands. 
Two of these were K-Ar dated a t 12.3 ± 1.5 and 15 ± 3 m.y. A ll the 
s ite s  are thought to  be approximately contemporaneous but as three of 
the seven are m agnetically reversed i t  is  c le a r  tha t they were not in­
truded simultaneously. The re la t iv e ly  smaii measured d ispersion of the
seven s ite  mean values (6 = 6.2, k = 146.8) may indicate a small SV
4 •value fo r Shemya, fo r  su re ly  more than 10 years is represented in the 
time span. However, N = 7 is generally considered too small to  place 
much confidence in an SV measurement. Due to the geographical spread 
involved, we have demurred from combining the Shemya data with the 
Wrangell Mountains area data which represent approximately the same 
age. We only note th a t i f  the. Shemya values are re lia b le , SV appears 
to  have been considerably less during the late  Miocene a t  the end of 
the Aleutian Island chain than on Mainland Alaska nearly 3000 km to  the 
northeast.
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V. SECULAR VARIATION DISTRIBUTION 
IN SPACE AND TIME 
In seeking a greater understanding of the earth ’s in te r io r  through 
study of the secular varia tion  of the geomagnetic f ie ld  i t  is  of obvious 
importance to  learn about its  d istribu tion  over the surface of the globe 
throughout geologic time. I t  is only through the study of paleomagne- 
tism that we may obtain d irect un-extrapolated data on the internal 
constitu tion  of the earth during the geologic past (Petrova and Khramov, 
1970).
Latitud ina l va ria tions
Since one of the most dominant features of present secu lar va r ia ­
tion  is it s  westward d r i f t ,  Creer (1962a, b) has suggested th a t one 
can learn about the d istribu tion  of long term SV as a function of la t i ­
tude, by considering the longitudinal variance of the geomagnetic f ie ld  
a t a given instant around a c ir c le  of la titude  as being equivalent to 
the time variance a t  any fixed point on the same la titude  over a s ig n if ­
icant number of years. Taking values of the 1945.0 f ie ld  a t 10° in te r­
va ls  around lines of latitude 10°  apart he ca lcu la tes th e ir  dispersion 
k and 6 as a function of la titude . The varia tion  of i  is shown in 
Figure 5-1 (curve I ) .  In an attempt to  so rt out the e ffec ts  of non­
dipole sources from the main d ipolar f ie ld ,  he carried  out s im ila r 
analyses on the best f i t  inclined dipole (curve 2 ) and on the to ta l 
f ie ld ,  but around lines of geomagnetic instead of geographic la titude 
(curve 3 ). These data show that in each case 6 is a maximum near the 
equator and has minimum values near the poles. Also, i t  is c le a r 
(curves I and 3) tha t there is an asymmetrical d istrib u tion  of f ie ld
. 95
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Figure 5-!. Angular standard deviation, 5, of f ie ld  d irections around 
d iffe ren t lines of la titude, as a function of la titude . Abscissa is 
geographic la titude fo r curves I and 2 but geomagnetic la titude  fo r curve 
3. Ordinate-is- dispersion of whc!e~f ie-ld fo r curve I,  dispersion of the 
b es t- fit  dipole fo r  curve 2, and dispersion of the non-dipole f ie ld  for 
curve 3. For epoch 1945.0 (a fte r  Creer, 1962a).
T ^ n 20*
Latitude
Figure 5-2. Angular standard deviation, A, calcu lated  by equation (3-6) 
fo r VGP displacement angles corresponding to to ta l f ie id  d irection  in 
1945.0 along c irc le s  of latitude (from Cox and Doell, 1964).
f
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direction sca tte r between the northern and southern hemispheres, the 
la tte r  having the greater scatter.
Cox (1952), and Cox and Doell (1964) made a s im ila r assumption, 
but applied i t  to  v irtu a l geomagnetic poles (VGP's) calculated from
1945.0 f ie ld  data. They used a s lig h t ly  d iffe ren t s ta t is t ic a l method­
ology based on a known true mean pole position, Xq, 4>q(= present geomagnetic 
pole found by spherical harmonic analysis (Chapman and Ba rte ls , 1940;
Vestine a k , 1947)), taking
. N - RcosiSo
and
- 1 R
5 =  COS (  r r  COSS )  ,N O
where 6 is the angle between the true mean (X ,$ )and the mean of N o ■ o,To
vectors drawn from an in f in ite  population of vectors. Since, however,
fo r his analysis 6 = 0 .5 ° the d ifference between these values and' o •
those calculated using equations (3-3) and(3-5) is  neg lig ib le .
The resu lt of carrying out th is  sort of analysis on VGP's instead 
of on magnetic vector d irections gives a re lation  which is  apparently 
opposite to Creer1s (1952a, b) re su lt (F ig . 5-2). Maximum sca tte r 
appears toward the poles with a minimum a t the equator. The same 
conclusion as C reer's may, however, be drawn with regard to  North-South 
asymmetry: dispersion is greater in the southern hemisphere.
The question as to which is the preferable method of analyzing SV, 
that is between using geomagnetic f ie ld  d irections or VGP's, is a per- ’ 
plexing one. Since the VGP is e ffe c t iv e ly  only a mathematical con­
struct with .no real physical meaning (C h a p .Ill ) ,  i t  would seem that _
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using magnetic f ie ld  vector directions would be the more fundamental 
method. On the other hand the VGP ana lytica l method allows an eas ier 
separation of the e ffects  of dipole wobble and non-dipole sources, 
since the angular dispersion of VGP’s due to dipole wobble is  invarian t 
with respect to  la titude (Cox, 1962; Cox and Doell, 1964). Cox (1970) 
in a careful analysis of the VGP - f ie ld  d irection  problem concludes 
that the VGP method is preferable, but that there is not enough world­
wide data to use his techniques fo r separation of non-dipole from d i­
pole components.
. Because the paleosecular variation  measurement process involves 
s ta t is t ic a l parameters which assume a F isher, or a t least a c irc u la r  
d istribu tion ,there  is further question as to the s u ita b il i t y  of vector 
di-reetions-or VGP's-for analysis. A c ircu la r  d istribu tion  of f ie ld  
d irections transforms into an oval d istribu tion  of VGP's, whi le a c i r ­
cu lar d istribu tion  of VGP's transforms into an oval d is tr ib u tion  of 
f ie ld  d irections. The various sources of sca tte r are lik e ly  to  pro­
duce e ith e r c ircu la r  o r oval d istributions depending on how they are 
calcu lated . Any experimental errors of the type referred to in 
Chapter I I I  w il l  tend to produce a c ircu la r  sca tte r of magnetic f ie ld  
directions with consequent oval VGP d istr ib u tion . This statement is 
only s t r ic t ly  true of random errors and w ill not necessarily hold fo r 
other errors such as those produced by VRM and su sce p tib ility  aniso­
tropy which w ill tend to produce elongate d istrib u tions; only by 
chance w ill these be such as to produce c ircu la r  VGP d is tr ib u tio n . 
Secular varia tion  i t s e lf  may produce scatte r consisting of both c ircu ­
la r and oval components. Dipole wobble w ill produce a c ir c u la r  VGP 
d istribu tion  and an oval magnetic f ie ld  d is tr ib u tion . I f ,  as is
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commonly done, we assume i t  takes place in a more or less random 
fashion about the geographic pole (e .g . Green, 1958; Irv ing  and Ward, 
1964). The part of SV due to non-centric dipole or to  non-dipole 
sources (depending on the model one assumes) may be expected to produce 
a c irc u la r  sca tte r of vector d irections a t the sampling s ite  but an 
oval VGP d is tr ib u tio n .
In addition to  the above circu lar-ova l transform ation problems, 
there is  a magnitude effect, even i f  one ignores the c ir c u la r i t y  of the 
sca tte r. Cox and Doel I (I960, 1964) show that the ra t io  of the angular 
standard deviations calculated using equation (3-5) va rie s  from
5fld  _ I
a t  the poles to
6 2 vgp
*fld  _ 3
S ~ 2 vgp
a t  the equator. These re lations are in part responsible fo r the 
apparently opposite resu lts  of Creer (1962a) and Cox and Doe 11 (1964).
Thus i t  would seem that fo r the study of secu lar va r ia tio n  of the 
geomagnetic f ie ld  i t  would be advantageous to separate the c ir c u la r  
and oval components of sca tte r from each other. Unfortunate ly, a t the 
present time no s ta t is t ic a l  formulation ex is ts  fo r  conveniently resolv­
ing these components. Even i f  such a method were a v a ila b le , paieomag- 
netic  date are oniy ra re iy  scattered in a s u f f ic ie n t ly  F isherian  manner 
to enable one to use such s ta t is t ic a l refinements.
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Since i t  is probable that random erro rs  and non-dipole components 
generally predominate in paleosecular va r ia tio n  measurements, and to 
conform to the m ajority of other published re su lts , we have chosen to 
do comparative s ta t is t ic a l  ca lcu lations almost exclusively on vector 
d irections instead of VGP’s . For the benefit of future workers, how­
ever, we have carried  out fu ll VGP s ta t is t ic s  on our own Alaskan data 
(Chap. IV ).
Creer (1962a, 1967), Cox (1962), Cox and Doell (1964), and Creer 
and Sanver (1970) compare la titud ina l va ria tio ns  of the scatter of the
1945.0 f ie ld  with paleomagnetic data with varying success. In the next 
section a more comprehensive comparision w il l  be attempted.
Longitudinal varia tions
If  one looks a t  recent SV on a global sca le  by examining almost 
any type of geomagnetic analysis maps, be they isoporic maps (F ig . I- I)  
o r maps showing deviations of VGP’s derived from the geomagnetic f ie ld  
away from the b es t- fit  dipole f ie ld ,  such as tha t of Cox and Doell 
(1964) (F ig . 5-3) one feature is  immediately evident: secular variation  
of the present day geomagnetic f ie ld  is  less in the hemisphere contain­
ing the P a c if ic  Ocean than i t  is in the remaining part of the world 
(F isk , 1931; Fleming, 1939; Chapman and B a r te ls , 1940; Vestine e t a I . ,  
1947; Runcorn, 1956; D ep ie tri, 1961; Vestine and Kahle, 1966; Doell 
and Cox, 1971; and o thers). I t  is  d i f f i c u l t  to  know where to draw the 
boundary between areas of high and low SV but there is  no doubt of the 
d ifference. Ccx (1962) singled out an area comprised of less than 
ha lf the P a c if ic  Ocean fo r separate an a lys is , though i t  might seem that 
a larger area could have been chosen. Not only is  the secular varia ­
tion  small in the P a c if ic  area, but Cox’ s data shows tha t the non-bipcie
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
101
Figure 5-3. Vertica l component of the non-dipole f ie ld . O riginal data 
(Bu llard  e t a l . ,  1950) fo r epochs 1907.5 and 1945 have been contoured on 
equal area projections. Interval of closed contours is  2000 gammas, that 
of dashed contours 1000 gammas (from Cox and DoelI, 1964).
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f ie ld  Is  small,thus making the P a c if ic  area a 'window’ through which 
we may ’ view’ the main inclined dipole undistorted (Cox, 1962).
An immediate question is whether or not the P a c if ic  low is a 
permanent feature of the secular va ria tio n  f ie ld  in time as well as 
space. Cox and Doell (1964) and Doell and Cox (1961, 1965) ten ta tive ly  
conclude,after an analysis of P a c if ic  paleomagnetic data from the 
Galapagos Islands to Alaska, that the non-dipole component of SV has 
been subdued in the P a c if ic  during the las t 10^  years. However, 
Ta rling ’s (1967) studies in Hawaii, Samoa, and the Cook Islands indi­
cate that SV has not been anomalously low during the last 5 m.y. when 
time averages of 10^  to 10^  years are considered.
One can devise various models to explain the low SV values In 
the P a c if ic ,  which may trea t the problem as e ither a transient or a 
permanent phenomenon. I t  is c le a r tha t th is  d ifference in d istribution  
of SV can not be caused by the broad d ifferences in crustal structure 
which ex is t between the ’oceanic’ P a c if ic  hemisphere and the essentia l­
ly ’continenta l’ non-Pacific hemisphere, but rather must have its  
o rig in  in deep seated variations in the structure or physical processes 
occuring within the mantle and/or the core; i f  the SV differences in 
fa c t do pers ist over geologic time, th is  may require a basic reformu­
lation of the physics of the earth ’s in te r io r  which formerly has re lied  
on a spherica lly  symmetric earth (Runcorn, 1956). Assuming that the 
non-dipole components of SV are due to  eddies w ith in :the 
upper levels cf the earth ’s core (Chapter I ) ,  Cox (1962) delineates 
three possible models to expiain the P a c if ic  SV low:
( I )  Non-dipole sources of SV don't form under the P a c if ic  region.
. ■ 102
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(2) Non-dipo!e sources of SV are present under the P a c if ic  but 
th e ir  e ffects  are screened from observation a t the earth ’s surface by 
highly conducting, possibly f lu id , layers in the mantle.
(3) Non-dipole sources may be present or absent beneath the P a c if ic  
but a t the present time there are none in th is  region.
These configurations consider only the non-dipole part of SV, 
since presumably that part due to  movement of the main dipole i t s e lf  
(wobble, e tc .)  w ill  be detected equally world wide. Also, d irect 
(h is to r ic ) SV measurements record almost exc lusive ly  non-dipole compo­
nents (Chap. I ) .
The las t of these p o s s ib ilit ie s , (3 ), is  perhaps the easiest ex­
planation fo r the P a c if ic  SV low. Given, the present uncertainties 
surrounding.. paJeomagne.tic.methods of SV measurement and the con flic ting  
resu lts of various researchers, there is  a f in i t e  p robab ility  tha t the 
present SV d istribu tion  is due to a temporary chance arrangement of non­
dipole sources w ithin the earth . Until more d e f in it iv e  paleomagnetic 
resu lts become ava ilab le , however, th is  explanation appears to be begging 
the question and i t  is f ru it fu l to  look fo r models which provide fo r a 
long term low SV in the P a c if ic  region.
A number of workers have attempted to  explain model (2 ). Creer 
(1963) hypothesizes magnetic shielding of the SV f ie ld  by an asymmetric 
mantle. Starting  from E lsasser’ s (1963) cold accretion hypothesis of 
global o rig in , Creer imagines a layer of molten iron forming in the 
upper mantle during early  stages of the ea rth ’s formation. This layer 
would form into a roughly spherical drop which would grow to be quite 
large in size. I t  would eventually sink slowly to the geo-center, 
pushing iron-rich ’ proto-core’-material-out ahead of i t  while leaving
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Iron-poor material in it s  wake. Due to rotational forces these masses 
of material would tend to  move into a position more or less on the 
ea rth 's  ro tationa l ax is ; i f  the geographic axis then moved with respect 
to  the e a rth 's  mantle and crust, ' f o s s i I ' poles of high and low SV would 
be created. These would be due respectively to low and high iron con­
ten t in the mantle. As supporting evidence Creer c ite s  the area of 
present day high SV o ff South A frica  roughly antipodal to  the center of 
the P a c if ic  SV low; these two points would, according to the theory, 
define an ancient axis of ro tation . In addition , the high SV a t  the 
present North Pole is  presumably due to the most recent sweeping out of 
iron-rich material from the mantle by the sinking of a 'drop ' o f iron 
along the present ax is . He also  notes tha t Paleozoic paleopoles fo r  
Norths America,., a s . determined pa I eomagnet ica I ly , f a l l  near the center of 
the P a c if ic  SV low (This would imply, however, th a t the P a c i f ic  has not 
moved re la t iv e  to North America since Paleozoic times which would 
contrad ict some aspects of modern theories of p late  tecton ics  and 
ocean flo o r spreading (Vine and Matthews, 1963; H e ir tz le r  e t a I ♦, 1968; 
Dietz and Holden, 1970a and 1970b; and o th e rs )).
A centra l problem in the magnetic shield ing hypothesis is  to  
account fo r the amount of shield ing which is  apparently necessary. 
Unreasonably high conductiv ities  or great thickness of the sh ie ld ing  
layer are required. McDonald (1957), Hide and Roberts (1961), and 
Currie (1967) find  from theo re tica l ca lcu lations th a t, taking a world 
average, the mantle has a time constant of about four years and th a t 
i t  acts as a low-pass f i l t e r  which e ffe c t ive ly 'b lo ck s  out magnetic 
va ria tions with shorter time sca les . Ba ll e t a l .  (1968) find  a time
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lag of 5 to 8 years fo r transmission of SV disturbances from the core
to the surface (Chap. I ) .  Cox and DoelI (1964) point out that conduc-
2 3t i v i t i e s  large enough to attenuate SV in the 10 to 10 year range 
would reduce short period 10 year varia tions below noise le ve l; but 
short period varia tions have indeed been observed in Hawaii. I t  seems 
possible,however,that- such short period varia tions are due to external 
sources rather than internal ones (Chap. I ) .
Any well defined shielding layer th ick  enough to  produce the re­
quisite. SV attenuation beneath the P a c if ic  should be th ick  enough to be 
detectable se ism ica lly . In a study of attenuation of d iffe ren t fre ­
quency components of P waves d iffracted  along the core-mantle boundary, 
Alexander and Phinney (1965; Phinney and Alexander, 1966) find syste­
matic, d ifferences between the central P a c if ic  and the other areas they 
studied. On the basis of lengthy ca lcu lations from th e ir  data, they 
postulate th a t in the lower mantle beneath the P a c if ic  there is  a 
region between 30 and 160 km th ick  with a reduced shear ve lo c ity  and 
an increased density. What th is  means in terms of shielding of SV is 
a matter fo r  speculation,but i t  could be ind ica tive  of residual iron 
such as th a t hypothesized by Creer (1963).
Cox's (1962) model ( I )  advanced to explain the P a c if ic  SV low, 
namely tha t non-dipole SV sources don't form under the P a c if ic ,  is 
perhaps eas ier to ju s t ify  physically than the sh ield ing hypothesis, 
though i t  is  equally d i f f ic u l t  to prove. By th is  hypothesis there 
are la te ra l varia tions in the sources that produce SV rather than 
varia tions in the transmission parameters of the medium through which 
SV disturbances must tra ve l. Cox and Coo I I (1954) propose that temp­
erature d ifferences in the lexer mantle mav be su ff ic ie n t to a ffocr
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the convection currents in the core which produce the non-dipole 
f ie ld .  C iting ’-‘acDonald’ s (1963) ca lcu lations showing 50° to 150° C. 
higher temperatures 1000 km beneath the oceans than beneath continents, 
they propose that under the e ssen tia lly  ’oceanic’ P a c if ic  hemisphere 
the lower mantle may be hot enough to suppress near surface core con­
vection by causing reduced la tera l as well as radial temperature grad­
ients. Thus non-dipole features of the f ie ld  would decay upon moving 
into the P a c if ic  area.
Vestine and Kahle (1966) propose the existence of non-uniform 
core surface ve lo c it ie s  with a general downflow of core material be­
neath the P a c if ic  Ocean. By carrying magnetic disturbances caused by 
local eddies deeper into the core, lower values of SV would be produced 
than in areas where core motions were predominantly horizontal or up­
wards, and where there is less shielding core material above them.
Doell and Cox (1971), following Hide (1966, 1967) suggest a 
d iffe ren t way to  cause core eddy currents su ff ic ie n t ly  asymmetric to 
produce the P a c if ic  SV low. In comparing motions of the core with 
those of the atmosphere, they note that while both are essen tia lly  
a x ia lly  symmetric when averaged over su ffic ie n t time spans, both have 
more or less permanent perturbations of th is  symmetry due to the topo­
graphic r e l ie f  of the so lid- flu id  in terface, as well as due to  the 
possible temperature variations over the in terface referred to above.
As with the production of standing waves in the atmosphere due to  moun­
ta in s , i t  is  conceiveable that there may be a broad-topographic high 
or low in the core-mantle in terface associated with the P a c if ic  hemi­
sphere which is su ffic ien t to produce an anomalous lack of eddy
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currents In th is  region.
Bisque and Rouse C1968),in an an lys is  of the core-mantle interface^ 
based on th e ir  global tecton ic scheme involving planes tangent to the 
core which in tersect the earth ’s surface along geologic features (Rouse 
and Bisque, 1968), derive a core topography which is notably smoother 
beneath the P a c if ic  than elsewhere. Perhaps the anomalous re lie f  nec­
essary to subdue SV sources is a f la t te r  than average core topography.
In an attempt to learn more about the world-wide d istribution  of 
paleosecular va ria tion , a survey was made of paleomagnetic lite ra tu re  
to se lec t existing data which could be considered to be a measure of 
SV (Tables 5-1 and 5-2). As a starting  point, we have re lied  heavily 
on the compilations of paleomagnetic data of Irving (1964) and McElhinny 
(1968a, 1968b, 1969, and 1970). Where ava iI ab le, most of the suitable 
o rig inal source lite ra tu re  referred to in these compilations has been 
checked in order to ascertain the r e l ia b i l i t y  of the data. An attempt
has been made to review every paper since the las t of these compila­
tions but no claim a t completeness is made.
The following c r ite r ia  have been used in selecting data:
(1) Only data from rocks of the Cenozoic Era have been considered.
(2) A minimum of N = 10 flows or s ite s  sampled within a volcanic 
sequence was required. A few exceptions were made in order to include 
data from isolated regions of the earth , and to include some Alaskan 
data.
(3) Studies with confidence lim its  greater than 15° about theyD
mean vector d irection were rejecred cn the basis that e ither the errors 
from various sources were larce, or that the sequence included values
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TABLE 5-1
Paleomagnetic s ta t is t ic a l data from the P a c if ic  region . 
selected according to c r ite r ia  described in the tex t.
X and $ are latitude and east longitude of sampling s ite  in degrees, 
tx and -X indicates North and South latitude respective ly . Where values 
are calculated for widely spaced units an approximate mean location is 
given. Pole No. refers to paleopole reference numbers in the data com­
p ila tion  of Irving (1964) (decimal format; e.g. 12.42) or in the compi­
lations of McElhinny (1968a, b, 1969, 1970) (slash format; e.g . 10/24) 
where ava ilab le . Age is given in m illion  years before present when 
known or using standard le tte r  symbols fo r geologic periods as used in 
the published compilations referred to above and elsewhere in the l i t e r ­
ature. N is the number of lava flows or units which were used to c a l­
cu late the s ta t is t ic s ,  k^ . refers to the Fisher (1953) parameter, equa­
tion (3-3), giving unit Treatment to N flows or units, k and k are 
the within-flow and between-flow Fisher parameters calcu lated  according 
to the method of Watson and Irving (1957) (see te x t). 6 and are 
angular standard deviations in degrees calculated using equations (3-5) 
and (3-6) respectively , te  and -s are 95$ confidence lim its  on in 
degrees calculated according to Cox (1969). a— is the radius in de­
grees of_ the 95p c ir c le  of confidence about the mean pa leo fie ld  d irec­
tion . D and I are the mean declination in degrees east of true north 
and degrees of dip below or above horizontal (indicated p o s itive  or 
negative respectively ) of the paleofie ld  d irection a fte r  correction  fo r 
local tecton ic movement. In a few cases we have calculated some of the 
parameters from published data where complete data were not given.
Notes to  Table 5-1
read from published diagrams; may be low by ca. 5. A_ calcu lated  
from values of A fo r VGP's given in reference paper using eqs. (4-1) 
and (4-2). k j calculated from A  ^ by eq. (3-6). No mean d irections 
ava ilab le .
2k and k„ calculated from 5 and 6. using eq. (3-6) where 5 and 6. 0) 8 o i 6
are related according to eq. (3-11).
^Mean vector directions not ava ilab le .
. 4Dated a t 4000 B.C. to 1600 A.D. .
^Dated a t 325 to 1779 A.D.
^A_ calculated from k„ since k_ nct'available. i 3 i
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TABLE 5-1
Paleomagnetlc data from tha Pacific region (cf. explanation on previous page)
Site Description A ♦ Reference Pole Age N Fither Parameter Angular St'd Dev. “95 D 1
No. **1 > ka) kB
6 V +e > -e
Alaska: Castles 62.4 216.8 Stone, 1970 6? 10 ■ 171.3 5.9 6.2, +2.6, -1.4 3.7 108.6 79.7
Air II 62.4 216.8 It It 6? 9 161.1 6.0 6.4, +2.8, -1.5 4.1 354.7 76.2
WCR ’ 62.3 216.5 this paper 6 6 36.6 42.9 33.2 12.2 13.4, + 7.7, -3.6 11.2 301.8 69.4
Wrangell mean 62.4 216.7 n  n 6? 25 26.4,
33.5
15.5 15.8, +3.8, -2.5 5.7 355.3 83.9
Hunlvak Is. 60.1 193.5 Cox & Doell, 1964 <1 43 14.0 , +2.4, -1.8
Me. Griggs 58.3 204.7 Stone, 1970 T-Q 5 118.8 6.7 7.4, +4.8, -2.1 7.0 334.8 76.2
DFB 54.0 193.1 this paper <1 21 94.8 251.3 101.3 8.1 8.3, +2.6, -1.4 3.3 0.9 69.1
CCR 53.5 191.9 <.16 15 115.7 54.4 153.7 7.3 7.5, +2.5, -1.5 3.6 6.9 70.6
NJC 53.5 191.9 m n T-Q 19 70.3 22.9 282.6 9.4 9.7, +2.7, -1.7 4.0 349.8 63.4
ASH . 53.5 191.9 n  n >1.9*.2 13 20.8 190.8 21.3 17.1 17.7, +6.2, -3.6 9.3 198.1 -81.5
KAN 51.9 182.9 n  ii >.181.09 7 136.3 57.0 239.3 6.4 6.9, +3.6, -1.8 5.2 355.9 65.3
RDH 51.9 182.9 n  n <0.6 14 401.4 3.9 4.0, +1.3, -0.8 2.0 1.1 72.2
Aleutian mean 53 188 i i  i i T-Q 90 56.0 10.8 10.8, +1.2, -1.0 2.0 359.4 70.4
H t . Edgecumbe 57 224.3 Stone, 1970 , Q 5 102.5 7.2 7.9 +5.1, -2.2 13,8 334.6 77.5
Shemya Intrusive & extr rx 52.7 174.1 Cameron 6 Stone, 1970 10.8-18 7 146.8 6.2 6.7, +3.5, -1.7 5.0 11.3 78.8
British Columbia: Caribou Reg. 51.7 233 Symons, 1969 11/17 Trou 48 44.3 12.2, +2.0, -1.5 3.0 356.4 72.3
Columbia River basalts 46.5 239.5 Campbell 6  Runcorn, 1956 11.105 Tm 11 29 15.0, +5.9, -3.3 9 7 65
Columbia Plateau basalts 44.5 240.4 Watkins, 1965a 8/28 14.5-21.3 433 12.8 22.6, +1.2, -1.0 6.4 2.9 62.7
Oregon: Marys Peak Sill 44.5 236.4 Clark, 1969 11/24 29.6 26 13.6 21.6 21.9, +5.1, -3.5 8.0 21.1 39.8
Suttle Lake 44.4 238.3 Stone, unpublished T-Q 20 907 ■ 2.6 2.7, +0.7, -0.5 6.3 178.1 -60.9
Abert Rim 42.6 239.8 Watkins, 1969b 8/26 ".15 16 48 11.7, +3.7, -2.2 5 180 -52
Steens Mt. 42.6 241.3 Watkins, 1969 15 62126
8.3, 28.2 28.1, ■14.0, -3.1 6.7 331.3 77.1
"Western U.S." 40 ----- Cox 6 Doell, 1964 <1 37.2 13.3 , +3.1, -2.1
Japan: Quat lg rx 36 138 Kumagai e^ al., 1950 12.39 Q 6 U 18 19.1, +7.5, -4.2 11 359 47
baked clays 35.7 139.8 Watonabc, 1958, 1959 12.41 histories 174 17 19.6, +1.6, -1.4 3 356 53
historic flows 35.7 139.8 Kato & Nagata, 1953 12.40 historic 12 100 8.1 +3.0, -1.7 4 357 46
N. Izu & llakone rx 35 139 Nagata ct al., 1957a,b 12.38 Qp-r 42 10 17.2 25.6, 14.5, -3.3 7 343 51
Volcanlcs 35 134 Snsnjlma ot. a£,, 1968 10/40 Tc-o 10 40 12.8, +5.3, -3.4 7.1 33 53
Usami Vole 35 139 Kono, 1968 10/12 <lp 11 33 14.0 +5.5, -3.1 8 338 52
Yamaguchl basalt 34.5 131.5 Domen, 1960 12.37 Qp 85 18 2 2 19.1, +2.3, -1.8 4 0 57
Kyushu baits, normal 33 130 Creer & Isplr, 1970 Tp 12 31.2 45.6, 33.5, 14.5, +5.4, -3.1 3 3
Kyushu bslts, reversed 33 130 Nomura, 1967 Tp 14 17.3 12.42 19.2 19.5, 46.6 -3.9 3 3
Hawaii: five dlff't Is. 21.4 202 Tnrllng, 1965 8/5 •>1.2-5.7 38 18 25 19.1, 43.6, -2.6 5 357 30
five serieson Hawaii 20 204 Doell 6 Cox, 1965 8/4 0.8 112 27 198 29 15.6, +1.6, -1.4 2.6 5.7 31.1
Kau series 19.5 204.5 Doell, 1969 11/1 <0.01 54,
21*
479 , 304 610 3.7, 40.6, -0.4 0.9 354.8 24.1
Galapagos Islands - 2 268 Cox 6 Doell, 1964 <1 24.2* 16.5*, +5.2, -2.9
Samoa * ' -14.7 188.8 Tarling, 1966b 8/12 2 16 20 25 18.1, +5.7, -3.5 8 5 -32
Australia: Q'land lvas &  dks -27.0 152.2 Robertson, 1966 8/29 Tu 12 25 16.2, 46.0, -3.4 9 13 -49
Nandewar vole's -30.3 152.2 WclIman et al., 1969 11/20 17.51.3 34 43.1 12.1 12.3, +2.4, -1.7 3.7 192.4 53.0
Liverpool vole's -31.7 150.2 .11 II II II 11/22 33.41.7 36 45.5 11.8 12.0, +2.3, -1.7 3.5 200.4 59.2
Barrington v o I c ' b -32.0 151.4 i i  it  i i  i i 11/27 51.61.7 33 48.5 11.4 11.6. 42.3, -1.7 3.6 193.0 65.5
Victoria, old vole's -38.0 145.5 Irving & Green, 1957a,b 11.093 Te-0 15 35 13.7 13.7?, 44.5, -2.7 6.8 17.0 -72.9
Victoria, new vole's -38.0 143.5 Green 6 Irving, 1958 12.45 Tp-Qr 32 37 13.2 13.36 , +2.7, -1.9 4.8 3.4 -59.8
Victoria -38 143.5 McDougall ct. a U  , 1966 8/9 0.5-4.5 11 56 * 10.8, 44.2, -2.4 6 350 -56
New Zealand: N. Island -38.5 176 Cox, 1969 11.9 <0.68 22 49 322 49.9, 11.6, +3.0, -2.0 4.5 2.0 -63.1
Akaroa Volcano -43.9 173.0 Evans, 1970 8.4-9.1 70 13.8 10.42 19.4 21.8 21.8 +2.9, -2.3 4.7 177.3 54.9
World-wide paleomagnetic s ta t is t ic a l data from outside the P a c if ic  
region selected according to c r i t e r ia  described in the tex t.
See caption to  Table 5-1 for explanation of symbols.
TABLE 5-2
Notes to  Table 5-2
* Dated by carbon-14 to the period 0-1000 A.D.
^Dated by carbon-14 to the period 1100 B.C. to  750 A.D.
\ y  meaned from 5 values fo r d iffe ren t series read from diagram. D and 
T not a va llab le .
^ S ta t is t ic s  calcu lated  from s ite  mean s ta t is t ic s  given in paper; 
several s ite s  omitted because of large a ^ .
^ H is to r ica lly  dated from 394 B.C. to  1911 A.D.
^These data include some lavas from the above three en tries .
_ NO
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TABLE 5-2
World-wide paleomagnetld data from outside the Pacific region 
(cf. explanation on previous page)
Site Description X ♦ Reference Pole Age N Plsher Parameter Angular St'd Dev , “95 5 INo.
k T’ ku k B 6 6-j +  t,
-e
Norway: Jan Mayen Lavas 71.1 351.8 Pitch et_ al., 1965 8/3 qr 10 52 11.2 +4.6, -2.5 7 340 83
Iceland: volcanics 66 336.5 Krlstjansson, 1968 10/39 Te-m 60 12.9 22.5 22.6 +3.3, -2.5 5.3 O.S 73.0
J&kuldalur 65.3 344.8 Wenslnk, 1964 Tp-Qp 16 94.0 8.1 8.3 +2.6, -1.6 3.8 10.8 79.0
Miocene lavas 65.2 340 llospcrs, 1953-54, 1955 11.108 Tm 102 7 10.7 30.6 +3.3, -2.7 5.5 1.5 77.8
Sweden: post-glac vrvs I 63.1 17.7 Bancroft, 1951 12.12
1
hlstoric2 46 42 12.5 +2.1, -1.6 3.3 357.4 73.4
post-glac vrvs 11 63.1 17.7 Griffiths, 1953, 1955 12.13 historic 29 34 13.9 +3.0, -2.1 4 2 75
Faeroe Islands: lavas 61.8 353.0 Tarllng, 1968, 1970 53-59 253 303 15.8 +1.0, -0.9
Scotland: Skye lvas & lntr 57.A 353.7 Khan, 1960 11.012 Te-o S3 60 10.4 +1.6, -1.2 3 186 -60
N. Ireland: Antrim rx 55.1 353.6 Wilson, 1959 11.024 Te- 0 89 18 19.1 +2,2, -1.8 4 188 -63
Ireland: Carren Pt. 55.1 353.9 Wilson, 1970 T 25 26.4 13.8 +3.3, -2.2 5.1 184.7 -54.3
British lies: Te'rt lg rx 56 355 Irving, 1964 11.026 Te-o .11 123 •7.3 +2.9, -1.6 4 6 63
lert dykes 53.6 357.1 Dagley, 1969 11/28 To 11 25.9 15.2 15.9 +6.2, -3.5 9.1 169.5 -61.4
Poland: Low Silesia1* 51.1 15.5 Blrkenmujer 6 Nairn, 1969 11/16 To-Qp 56 18.0 19.0 19.1 +2.9, -2.2 4.6 184.3 -65.6
Wzar andesite dks 49.2 20.2 Birkenmajer & Nairn, 1968 11/21 Tra 15 17.5 19.4 +6.1, -3.8 9.4 191.5 -73.2
Czechoslovakia: T 6 Q lg rx 48.5 19 Nairn, 1966 10/24 Tra-p 94 10 25.6 +2.9, -2.3 5 11 63
volcanics 48 21 Nairn, 1967 ' 9/24 Tta 33 14 21.7 +4.4, -3.1 7 359 64
Hungary 47.5 19.3 Dagley 6 Adc-llall, 1970 T 33 28 15 15.3 +3.1, -2.2 4.8 2.2 61.0
Germany: Gottingen vole's 51.4 9.8 Schult, 1963; Irving, 1964 11.115 Tm-p 15 14 21.6 +7.0, -4.3 11 184 -64
l.ausltz 51 14.7 Nairn 6 Vollstadt, 1967 10/35 To-m 27 16 20.3 +4.6, -3.2 7 200 -63
He 1nl. Pf. lg rx 50.6 7.5 Nairn, 1962 11.113 To-Q 22 38 9.5 13.1 +3.4, -2.2 5 28 62
Suevltes, N. Ries 49.9 10.5 Peterson £t a U  , 1965 8/30 14.8+7.0 12 997 2.6 +1.0, -0.6 2 191 -60
France: Ch. des Puys, Louch 45 3 Bonhommet & 7.!llir lnger, 1969x1/6 Qr 10 193 5.8 +2.4, -1.3 114 57
Ch. des Puys, Bruhnes 45 3 ' Doell, 1970 <0.7 31 47.0 199.3 47.8 11.9 +2.5, -2.4 3.8 357.8 60.3
Ch. des Puys, Matuyama 45 3 Doell, 1970 >0.7 10 16.9 144.6 17.3 19.9 +8.3, -4.5 12.1 357.9 49.4
Plateau du Vclay 45 3.8 Bobler, 1969 11/12 <2.5 28 130 49 7.1 +1.6, -1.1 4 9.5 58
Coiron lavas 44.6 4.6 Wenslnk, 1970 Tm-Qp 36 17.6 19.2 +3.7, -2.7 5.8 9.5 54.9
Sardinia: Cogudoro lavas 40.5 8.5 Bobler & Coulon, 1970 Tm 21 40 12.8 +4.0, -2.2 10 328.5 43
I t a l y :  Mt. Etna Lavas 37.7 15.0 Chevalller, 1925 12.09 historic5 11 50 11.5 +4.5, -2.5 7 356 69
Po r t u g a l :  Lisbon v o l c ' a ? 38.8 350.8 Watkins 6 Richardson, 1968 10/42 Te 12 15.9 63.3 17.1 20.3 +7.5, -4.3 11.2 346.7 37.2
Madiera vole's 32.5 347 Watkins e£ a l . , 1966b 8/19 <Tm 29 20.9 17.7 +3.8, -2.7 6.0 3.5 47.5
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TABLE 5-2 (Continued)
Site Description A
USSR:
CeorglAf vole & seds 42
Azerbardzhan 41
Turkmenian seds 39.S
Baku Beds 39.5
Apsh. & Akch. stages 39
Algeria:
Massif de Cavallo 32
Aden:
volcanics 1 2 .8
Ethiopia:
flood basalts 9.5
Canary Islands:
' Lanzarotc 29
Gran Canaria 28
Tenerlffee 28
Goraera 28
Hierro 28
Cape Verde Islands 16.5
.Fernando Norouha - 3.9
_  Reunion Is.:
J3 Gp. I lvas -21
Gp. Ill lvas -21
Mauritius:
late lvas -20.3
early lvas -20.3
older vole series -2 0 .3
Tristan de Cuna & Inaccess. -37 
t Heard Is. -53
Nevada:
Lousetown Fm 39.4
.»(•» j New Mexico:
p  t 'j j Rio Grand 36.5
1 1 Valles Caldera 35.9
N.Mex. & Arizona:
lvas & seds 35,2
Argentina:
Neuq.-Mend. bslt -37.5
Neuquen lavas -3ff
Neuquen - 3 9
basalts6 -37.5
4 Reference Pole
No.
Age N
43 Vekua, 1961 11.117 Te 1 1
49 Khramov 6 Andreyeva, 1964 8/13 Tp 13
55 Khramov, 1958 11.044 Tpa-o 26
53.2 »• •» 12.29 Q 47
53 " " 12.30 Tp-Qp 47
5 Bubier & Robin, 1969 11/19 Tm 13
45.0 Irving & Tarling, 1961 12.42 T-Q 12
38.7 Brock et,al.t 1970 Te-m 20
346.5 Watkins et al., 1966a 8/18 Tm-qr? 38
344 " " " 8/17 Tm-qr? 39
3 4 3 . ........  " 8/16 Tm-qr? 46
342.5 " " " " 8/15 Tm-qr? 18
342 " " M " 8/14 Tra-Qr? 33
336 Watkins et al., 1968 10/32 Tm 138
327.6 Richardson 6 Watkins, 1967 Tm 24
55.5 Chaumalaun, 1968 1 0 /6 0 .6-1 . 0 49
55.5 1 0 /8 1 .9-2.0 38
•*7*5 jicuongall h Cliaumalaun,,196911/10 0.17-0.70 13
57.5 « " " 1 1 / 1 1 1.96-3.44 10
57.5 <• " " 11/13 5.26-7.88 26
347 Crecr, 1964 8 /2 Qr 10
73.5 Irving et al., 196S 8 /1 0 T-Qr 9
Heinrichs, 1967 9/11 1.1-1.9 23
254.3 ozima et al., 1967 3.7-4.4 14
253.4 Doell et al., 1969 1 1 /8 0.43-1.37 16
248.4 K0 n0 e t ai,, 1967 9/13 3.7-4.5 24
290 Valenclo & Creer, 1968 1 0 /2 1 0.45-27.6 24
290 Creer, 1958 12.48 Q 58
294.0 Valenclo, 1965a, b Tm-p 16
290 creer 6 Valenclo, 1970 11/15 To-q 18
i
Fisher Parameter Angular St'd Dev “95 D
I
k T ku k 8
6 V +c, - e
10 25.6, +1 0 .0 , -5.6 15 356 45
11.4 24.0, +  8.4, -4.9 13 1 2 49
10 25.6, +  6 .0 , -4.0 9 34 44
26 15.9, + 2.6 , -2 . 0 4 1 1 54
9 27.0, + 4.5, -3.3 8 359 42
1381 2 .2 , + 0 .8 , -0.5 2 1 54
2740 52 340 1.5, +  0 .6 , -0.3 2.7 353.1 24.0
34.9 25.8 86.4 13.7, +  3.8, -2.4 5.6 7.2 7.2
22.7 17.0, +  3.2, -2.3 5.0 10.9 34.6
7.1 30.4, + 5.6, -4.1 9.3 1 0 . 1 37.6
14.9 2 1 .0 , +  3.5, -2 .6 5.6 3.4 39.8
8 . 1 28.5, +  8.3, -5.2 13.0 7.9 33.1
17.3 19.5, +  3.9, -2 . 8 6 . 2 6.9 45.6
1 2 .6 2 2 .8 , +  2.1 , -1.7 3.5 1 . 6 2 2 .2
9.1 26.9,' +  6.5, -4.4 10.4 0 . 8 -11.9
16.7 19.8, +  3.2, -2.4 5.1 6.3 -39.2
15.4 2 0.6 , +  3.8, -2 .8 6 . 1 181.1 35.4
58.4 1 0 . 1 1 0 .6 , + 3.7, -2 .2 5.4 359.3 -45.7
1 1 . 8  . 22.5 23.6, +  9.8, -5.4 14.7 4.9 -45.2
11.9 23.1 23.5, +  5.5, -3.7 8.5 358.3 -42.2
58 1 0 .6 , +  4.4, -2.4 7.2 0 -50
42 113 53 1 1 . 2 12.5, +  5.6, -2.9 8 35.3 -62
14.1 2 1 .6 , +  5.4, -3.6 8.4 22.7 45.3
16.6 19.2 19.9, +  6.7, -4.0 1 0 . 0 351.2 47.4
26.8 15.2 15.6, +  4.5, -3.0 7.3 2.9 53.3
9 27.0, +  6 .6 , -4.4 10 177 -51
16 20.3, +  4.9, -3.3 8 352 -60
15.4 2 0.6 , +  3.0 -2.3 5.0 1 -61
91.1 8 .2 8.5, +  2.7, -1 . 6 3.9 337.0 -59.6
38.8 16.4 54.2 13.0, +  3.8, -2.4 6 359 -59
resulting from unusually large f ie ld  excursions. This c r ite r io n  tended 
to elim inate many papers with too small N but s t i l l  large enough to be 
allowable by (2) above.
(4) I f  the mean VGP of a set of data d iffered  from the present geo­
graphic pole by more than 40° the data were rejected on the grounds 
that they probably represent a large scale f ie ld  excursion (with one 
exception from our own results which is included). Since such excursions 
seem to be rare, th e ir  inclusion in paleosecular varia tion  studies could 
lead to abnormally high values fo r SV (Doell, 1970b).
(5) Only data which appeared by su itable tests  to represent stable 
paleomagnetic results were selected. In a ll the more recent papers, 
tests  such as A.F. or thermal demagnetization or storage were carried 
out. In many of the e a r lie r  papers, s ta b il i t y  was indicated by such 
tes ts  as divergence of the mean from the present f ie ld ,  the presence 
of reversed and normal magnetization d irections approximately 180° a­
part, and the tightness of d istribu tion  ( Irv in g , 1964).
(6) For inclusion in the compilation, enough data had to be given 
to allow values for at least N, ky or 6, Ay, a ^ ,  D, I to  be ca lcu la t­
ed. A few exceptions were made for data of reasonable in terest or re­
l ia b i l i t y .
We have somewhat a rb it ra r i ly  divided the resu lts geographically 
into two groups: data from the P a c if ic  region (Table 5-1) and data
from outside th is  region (Table 5-2); the data are lis ted  roughly 
according to present day geographic la titude . The P a c if ic  region in­
cludes a l l  Alaskan s ite s , Japan, the west coast of continental United 
States, eastern Austra lia , >\ew Zealand and a ll the P a c if ic  islands.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
This d iv is ion  is  admittedly a r t i f i c i a l ,  as i t  is  d i f f i c u l t  to  sharply 
delineate  areas of 'h igh ' and 'low* secu lar va r ia tio n . La ter we sha ll 
- find  tha t the P a c i f ic  region in which SV is  low should perhaps be fu rther 
re s tr i c ted .
Making an additional subdivision of the data in Tables 5-1 and 5-2 
according to  geologic age represented, we have plotted Ay against pres­
ent day la titu d e  of the sampling s ite s  (F ig s . 5-4 through 5-7). (We 
have not p lo tted  the Aleutian Islands s ite s  or the WrangelI Mountains 
s ite s  in d iv id u a lly  in Figures 5-4 and 5-5 but only the mean values c a l­
culated in Chapter IV and also  included in Table 5-1). Due to  our re­
s tr ic t io n  (4 ) above, i t  was not thought worthwhile to  use pa Ieo la titudes 
in these diagrams; fo r  only a very few of the points is  the p a ieo la ti-  
tude s ig n if ic a n t ly  d iffe re n t from the present day la titu d e  and the over­
a l l  p ictu re  would be changed I. i t t le .  Like the d iv is ion  into geographic 
regions described above, the separation of data from such w idely vary­
ing sources into T e rt ia ry  and Quaternary groupings is  somewhat a rb it ra ­
ry . Many of the dates are but poorly known as indicated by such ages 
as ’T-Q’ in  the tab le s . Generally we have chosen such designated ages 
to  be Quaternary unless there seemed to  be some reason to  include the 
data with the T e rt ia ry  s ite s .
In an attempt to  match measured paleosecular v a r ia tio n  with 
d iffe re n t models we have also  included in Figure 5-5 through 5-7 two 
curves from Figure 5-1 (Creer, 1962a). Curve I is  the dispersion of 
. the 1945.0 f ie ld  and curve 2 is  the dispersion of the 1945.0 b e s t- f it  
dipole f ie ld .
114
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PACIFIC: QUATERNARY
Figure 5 -5 , Quaternary paleosecular variation data for the Pacific region. AT in degrees plotted against 
latitude. Error bars on Ar calculated according to Cox(/969a). Data from Table 5 -1 , 
Curves / and 2  from Figure 5 -i, Alaskan data is indicated.
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Figure 5 -6 , Tertiary paleosecular variation data from outside the Pacific region, Ar in degrees plotted against 
latitude. Error bars on Ar calculated according to Cox (1969a), Data from Table 5 -2 ,
. Curves / and 2  from Figure 5 -!
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. N O N -PACIFIC: QUATERNARY
Figure 5-7, Quaternary paleosecular variation data from outside the Pacific region. Ar in degrees plotted against 
latitude. Error bars on Ar calculated according to Cox(!969a). Data from Table 5 -2 ,
. Curves / and 2  from Figure 5 -i.
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Discussion
Creer and Sanver CI970) have made p lots of A. vs. la titud e  fo r• - P
Cenozoic data s im ila r  to  our Figures 5-4 through 5-7; however, they 
have grouped them according to normally magnetized, reverse ly  magne­
tized  or mixed p o la r ity  data with no geographical or temporal grouping 
(F ig . 5-8). They used s lig h t ly  more r ig id  se lection  c r i t e r ia  in chosing 
th e ir  data and thus narrowed the lite ra tu re  down to  26 papers while 
the data in our Tables 5-1 and 5-2 represent more than three times that 
number of papers. The principal d iffe rence  in se lection  c r i t e r ia  is 
th a t Creer and Sanver required s u f f ic ie n t  data to  be a va ilab le  to  com­
p lete  a 2 t i e r  ana lysis  of variance of e ith e r  the Watson and Irv ing  (1957) 
type (Table 3-1) or the simpler type described by equation (3-11). Thus
th e ir  diagrams (F ig . 5-8) show A, corresponding to our k„ using the re­
p  p
la tion  (3-6) instead of A  ^ as used in Figures 5-4 through 5-7. For the 
purposes of th is  study i t  was f e l t  th a t such a condition might be overly 
re s t r ic t iv e , and th a t the increase in uncertainty would not outweigh 
the advantage to  be gained by having more data points (where ava ilab le  
the resu lts of 2 t i e r  analyses have been included in Tables 5-1 and 
5-2 to  f a c i l i t a t e  fu ture studies)v
Creer and Sanver (1970) conclude from th e ir  study th a t on a world 
average throughout the Cenozoic E ra , SV has had about the same latitude 
dependence as is  obtained by rotating  the present (1945.0) f ie ld  about 
the geographic axis (Creer, 1962a, b ), except th a t the north-south 
asymmetry is  averaged out. They find  no s ig n if ic a n t d iffe rence  between 
the reversed, normal or mixed p o la r ity  sets of data. '
Figures 5-4 to 5-7 show considerable s ca tte r  of points making -
th e ir  in terpretation  d i f f ic u l t .  W ithout, fo r  the moment, making
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
latitude (degrees)
Figure 5-8. Cenozoic paleosecular variation data, a plotted against 
latitude for (a) normal polarity sets of data, (b) reversed polarity 
sets of data, and (c) mixed polarity sets of data (from Creer and Sanver, 
1970). Curves 1 and 2 are from Figure 5-1.
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allowances fo r the s ta t is t ic a l as well as other uncertainties in the data, 
we shall discuss the implications of the trends displayed in these f ig ­
ures.
On comparing the P a c if ic  region data with the non-Pacific region 
data ( i . e . ,  Fig . 5-4 with 5-6 and Fig. 5-5 with 5-7), i t  would appear 
that there has been only a very s lig h t tendency for SV to be lower in 
the P a c if ic  region than elsewhere during the Cenozoic Era. This contrast 
between P a c if ic  and non-Pacific SV is c learer in the southern hemisphere 
where there are fewer points on a l l  four diagrams displaying less scatter 
amongst themselves than in the northern hemisphere. This hemispherical 
d ifference in SV contrast may be due to having set too broad boundaries 
on the P a c if ic  region in the northern hemisphere (c f . below).
I t  is also possible to discern, using a l i t t l e  imagination, a 
somewhat greater tendency fo r smaller P a c if ic  area SV during the T e r t i­
ary than during the Quaternary, though given the probable errors in­
volved, th is  d ifference is not thought to be s ign ifican t.
I f  one mentally combines the P a c if ic  and non-Pacific data fo r the 
T e rtia ry  (F igs. 5-4 and 5-6) and for the Quaternary (F igs. 5-5 and 5-7), 
i t  appears that, taking a global average, secular variation  has had a 
nearly constant d istribu tion  during the Cenozoic Era. However, the 
Wrangell Mountains area data indicates a greater number of f ie ld  ex­
cursions during T e rtia ry  times than is  observed elsewhere during 
T e rtia ry  or Quaternary time (Chap. IV ). I t  is ,  however, unwise to draw 
conclusions about world wide SV from findings a t a single s it e .  •'
I t  is possible that for the purposes of th is  analysis we should 
redefine the boundaries of the P a c if ic  region so as to exclude some c f 
the surrounding continental margins. From Table 5-1 and Figures 5-4 and
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5-5 I t  is c lea r that the highest SV values fo r the Quaternary in the 
P a c if ic  region are fo r s ites  in Japan and fo r the T e rtia ry  period fo r 
s ite s  in western North America as well as Japan (F ig . 5-4). SV data 
for the Alaskan mainland fo r both periods does not appear to  be s ig n if ­
ican tly  lower than fo r the non-Pacific hemisphere with the exception of 
Quaternary s ite s , Mounts Griggs and Edgecumbe; however, fo r both of these 
s ite s  the data are based on s t a t is t ic a l ly  rather small numbers of 
’ spot readings’ of the paleo-field (Chaps. II - IV ).
For the Aleutian SV data, both the Quaternary mean (F ig . 5-5) and 
especia lly  the T e rtia ry  value for Shemya (F ig . 5-4), appear s ig n if ican t­
ly less than non-Pacific area data a t corresponding la titudes. I f  one 
looks at the o rig ina l s ite  mean data fo r the Aleutians (Table 5-1 and Chap. 
IV) one finds that most of the data fa l l  considerably below the-Aleutian 
mean figure, i f  one ignores the p o s s ib ilit ie s  of too rapid lava flow 
accumulations a t some of these s ite s , as referred to  in Chapter IV, and 
assumes that the data from these s ite s  better represents true SV than 
was previously accepted, the case is strengthened fo r the Aleutian '
Islands representing part of the region of low paleosecular varia tion  
centered on the P a c if ic  Ocean during Quaternary times. Likewise the 
Shemya data, though based on only seven in trusions, may be more r e l i ­
able than previously suggested, because reversed data are also included 
and i t  c le a r ly  represents at least several thousand years. Thus per­
haps during T e rtia ry  times as well we should consider the Aleutians 
. to have been part of the SV low in the P a c if ic  region.
I f  the above changes are made in Figures 5-4 through 5-7 the low 
SV in the P a c if ic  region becomes much more pronounced than previously; 
the north south d ifference in P a c if ic  - non-Pacific SV contrast is also
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reduced. However, so few data points are le f t  in the P a c if ic  region 
a fte r doing th is  that the sign ificance of the conclusion becomes doubt­
'  fu l.
I t  is also interesting to note th a t, contrary to present day secu­
lar varia tion  which is generally greater in the southern hemisphere 
(Creer, 1962a, b; Cox 1962; Cox and Doell, 1964; and others; c f . also 
curve I in Figs. 5-1, 5-4 through 5-8), a l l  of Figures 5-4 through 5-7 
and especia lly  those showing SV in the P a c if ic  region (F igs. 5-4 and 
5-5), indicate that the reverse asymmetry has existed in the past - i .e .  
that secular varia tion  has been stronger in the northern hemisphere 
than in the southern hemisphere. This re lation  is also ju s t  detectable 
in Creer and Sanver's (1970) diagrams (F ig . 5-8).
Curve 2 shown on Figures 5-4 through 5-8 as well as in Figure 5-1 
is the dispersion obtained by rotating the 1945.0 best f i t d ip o le  about 
the geographic axis (Creer, 1962) and therefore represents approximately 
the contribution to SV from dipole wobble alone. I f  we accept Creer’ s 
(1962a, b) f ie ld  rotation model and assume that the present inclination  
of the dipole away from the geographic axis is ind icative  of past d i­
pole wobble then deviation upwards from curve 2 represent the e ffec ts  
of non-dipole components of SV (apart from the not in s ign ifican t part 
of these deviations due to errors and sampling uncerta in ties). However, 
the points are too scattered on a l l  the diagrams to be able to progress 
very fa r  in calcu lating the re la t iv e  amounts of SV due to  dipole 
wobble and to non-dipole components, le t  alone to  determine th e ir  var­
iation with time or location on the earth. .
We have not attempted in our analysis of the time variation  of SV 
to carry the study further back than the T e rtia ry  period. As o lder and
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older rocks are sampled the problems of magnetic s t a b i l i t y ,  lo ca l, re­
gional or global tecton ics, thermal events and other problems m ultip ly 
to  such an extent that i t  was believed the additional uncerta in ties in­
troduced in the data would render analyses of th is  type almost completely 
meaningless. The only attempts a t studying the d istrib u tion  of paleo­
secular va ria tion  for periods e a r l ie r  than Cenozoic known to the author 
are Gough e t a I . ,  (1964) and McElhinny et a I . (1968). Both these pa­
pers present African data from Precambrian to  T e rtia ry  times; the la t­
itude dependence (in  th is  case paleo la titu d e ) of SV seems to be sim i­
la r  to  today and there appears to  be no s ig n if ic a n t change in SV over 
geologic time. I f  these deductions are va lid ,then  we must conclude 
th a t there have been no gross changes in the processes which produce 
SV occurring in the core, and therefore probably no changes in core- 
lower mantle structure since the Precambrian; such a conclusion has 
obvious implications in theories of the h is to ry  of the internal struc­
ture of the earth . However, a more complete survey of world wide early  
SV data is  needed before much confidence can be placed in such sta te ­
ments . .
Conclusions
Considering the lim itations caused by the uncerta in ties of the 
pa Ieomagnetic method o f  determining paleosecular va ria tion  a t any 
given s ite  (Chap. I I ) ,  and the great va r ia tio n  in r e l ia b i l i t y  of data 
due to  both d iffe ren t techniques employed by d iffe ren t workers and to 
the necessary varia tions in the local geology of the sampling s ite s , i t  
is exceedingly d i f f ic u lt  to a r r iv e  a t  any firm  conclusions, or even to 
ascertain  confidence lim its  cn ten ta tive  deductions based on these data.
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There Is no s ta t is t ic a l  scheme which allows one to determine the degree 
of confidence to place In conclusions drawn from such a va r ie ty  of data; 
thus we can not, fo r  instance, run a I ,  5 or even a 50? F-ratio  te s t  on 
our conclusions to  determine i f  they could be arrived a t by chance.
With the above comments in mind we may draw the follow ing ten ta tive  
general conclusions:
(1) Excluding the west coast of North America, mainland Alaska and 
Japan from the P a c if ic  region, Cenozoic secular varia tion  has been some­
what less in th is  region than elsewhere on the globe.
(2) The A leutian Island chain should be included in the region of 
low secular va r ia tio n  which is centered on the P a c if ic  Ocean.
(3) The contrast in SV between the P a c if ic  and non-Pacific regions 
of the earth was s lig h t ly  greater during T e rtia ry  than Quaternary time.
(4) The present north-south asymmetry with respect to SV was re­
versed during most of Cenozoic time.
(5) World-wide secular va r ia tio n  has been approximately constant 
during the Cenozoic Era.
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